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Abstract

Performance Analysis of Wireless Networks

by

Renato Mariz de Moraes

In this thesis, we investigate the performance of wireless ad hoc networks. First,
we propose a multi-copy relaying scheme for packets in mobile ad hoc networks (MANETS),
which reduces the delivery delay without changing the throughput order. We also present a
method for computing the interference caused from other nodes.

Second, we study the trade-off among mobility, capacity, and delay for wireless
ad hoc networks. By considering nodes that are subject to restrained movements, we found
that mobility is an entity that can be exchanged with capacity and delay. Furthermore, the
throughput-delay trade-off is investigated for nodes employing directional antennas and the
results are compared with previous work.

Third, we propose a new communication scheme based on collaboration among
nodes where the transmission (exchange) of packets is concurrently possible by employing a
many-to-many communication framework. We present the principles of operation for such a
technique, followed by two practical examples of implementation using FDMA/CDMA, and
FDMA/MIMO systems. Shannon capacity, throughput and delay are computed and compared

with related works.
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Chapter 1

Introduction

There are many different scenarios for wireless networks. In a traditional cellular wireless
network, the nodes (or users) communicate with each other through base stations (or access
points). These stations provide access control in the network and play a central role, such as
frequency management, power control, etc. The base stations are fixed and form a network
infrastructure while the nodes are either mobile or stationary. We can find such networks in
the common cellular phone systems, for example.

Wireless ad hoc networks require no base station and all the control and access tasks
are distributed among nodes acting as peers. This makes them attractive in situations where
there is no fixed infrastructure, such as battle fields or catastrophe-relief efforts. However,
the lack of centralized control imposes significant challenges for ad hoc network designers
and there are many open problems, questions like throughput-delay trade-offs, and capacity
bounds need clarification. Also, the network modeling issue is a research challenge, and more

complete and real models are necessary to help the network analysis. Therefore, the perfor-



mance analysis of wireless networks is a key issue in the field of network communications
and requires careful modeling and attention. In addition, the demand for higher data rates in
fixed or mobile wireless ad hoc networks offer challenging scalability issues. Consequently,
there have been considerable efforts [26], [70], [55] [37], [72], [56], [5] to increase the per-
formance of wireless ad hoc networks since Gupta and Kumar [28] showed that the capacity
of a fixed wireless network decreases as the number of nodes increases when all the nodes
share a common wireless channel. More precisely, they showed that the node thrdughput
of a fixed wireless network scalésas@(l/\/mg(n)) for n total users (or nodes) in the
network, while the associated packet delivery delay gron® W) [23]. This is

a disappointing result, because both the capacity and delay degrade as the number of nodes
in the network increases. On the other hand, Grossglauser and Tse [26], [27] demonstrated
that the capacity and delay of wireless mobile ad hoc networks (MANETS) scé@lélagand

©(n) [23], respectively, by utilizing mobility and a multiuser diversity scheme [35] together
with a two-phase relaying strategy. The importance of this result is that it proves that trade-offs
can be made to substantially improve the capacity of wireless networks.

Accordingly, the performance analysis and enhancement of wireless ad hoc net-
works is the main contribution of this dissertation. The scope of our thesis is to provide
analytical methods for computing the Shannon capacity, throughput and delay of wireless ad
hoc networks. We revise the main models that are used for the analysis of such networks,

and use the Information Theory tools for computation of capacity in network communication

'The precise definitions for node throughput and delivery delay will be given in the next section.

?Here we use the notation: (&jn) = O(h(n)) means there are positive constantndm, such tha <
b(n) < ch(n) Vn > m. (b)b(n) = Q(h(n)) means there are positive constants andm, such that
0 <c1h(n) <b(n)Vn>mi. (c)b(n) = O(h(n)) means there are positive constasiscs, andms, such that
0 < cz h(n) < b(n) < czh(n)Vn > ma. Also,log(-) stands for the natural logarithm.



systems. Moreover, we propose different schemes to improve the overall behavior of wireless
networks. Multi-copy forwarding of packets is presented to reduce delay of MANETSs without
changing thed(1) capacity scalability order where an exact mathematical model of interfer-
ence computation is obtained. Also, we provide a mathematical formula for the throughput
as a function of the network parameters. In addition, the capacity-delay trade-off of ad hoc
wireless networks is investigated, where we found that mobility can be exchanged with ca-
pacity and delay, in which the multi-copy forward scheme is also applied. Furthermore, we
observe that by changing the physical layer properties of the ad hoc network (e.g., considering
restrained mobility or directional antennas for the nodes), the capacity or delay behavior can
be significantly improved. These findings leaded us to design a hew cooperation scheme for
mobile ad hoc networks where nodes are allowed to concurrently communicate with many
other nodes without causing interference among each other. Upon collaboration, multi-copy
forwarding of packets helps to reduce delay and high capacity is attained.

Fig. 1.1 illustrates the roadmap of our thesis. Here in the Introduction, we present
a summary of our results along with the contributions of our research. After, the related work
is presented which introduces the previous research associated to our studies. The multi-
copy relaying (forwarding) scheme is analyzed next. The remaining chapters also include the
multi-copy relaying strategy as indicated in the roadmap. After this, the mobility-capacity-
delay trade-off is presented. The opportunistic cooperation scheme is the following topic
introduced. Then, two implementations for opportunistic cooperation are considered using
FDMA/CDMA and FDMA/MIMO respectively. Finally, the conclusion summarizes the main

ideas presented in the thesis with the the possible future unfold that our work allows.
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|
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Figure 1.1: Roadmap of the thesis topics.

1.1 Basic Definitions

Because our work investigates capacity and delay of wireless networks, we present
the following definitions that are used throughout the text.

Link's Shannon capacitis the maximum transmission rate (in units of bits/sec)
achievable by a physical link of communication [15]. Therefore, this definition is related to
the physical layer of a network employing links of communication. Accordingly, if a iode

transmits to a nodg through a frequency bandwidth (or sub-spectrin)of units of Hertz



(Hz), the capacity of this link is given (in units of nats/sédyy [15]

Ri; = Wlog(1+SNIR), (1.1)

where SNIR stands for signal-to-noise and interference ratio measured at the receivger node

A node throughpufor per source-destination throughput, or simply throughput) of
A(n) bits per second is feasible if every node can send information at an average &g of
bits per second to its chosen destination [28], [23].

Thedelivery delay(or simply delay, or latency) of a packet in a network is the time
it takes the packet to reach the destination after it leaves the source, where queuing delay
at the source is not considered. The average packet delay for a network witdes is
obtained by averaging over all packets, all source-destination pairs, and all random network
configurations [23].

Theinterferenceat a nodej, when node transmits to node through a frequency
bandwidthi? Hz, is defined as the power of the signals (in units of Watts) from all transmitting
nodes in the network in the sub-spectrii) except nodeé.

The termhalf-duplexmeans that a node cannot transmit and receive data simultane-
ously through the same frequency bandwidth.

We use the terncell to denote the set of nodes located inside a defined area of the

network.

31 __ nats
bits = Tos(2) -




1.2 Research Contributions and Summary of Results

In Chapter 2, we summarize the works that are directly related to our research and
introduce the network models used throughout the text.

Our first contribution, as described in Chapter 3, is a multiuser diversity strategy
for packet relaying in MANETS that permits more than one-copy (multi-copies) of a packet
being received by relay nodes [39], [41], [43], which attain an exponential reduction in de-
livery delay. We also demonstrate that #8¢1) throughput is preserved by our multi-copy
technique whem goes to infinity, where we provide a mathematical formula for computation
of the throughput as a function of the network parameters. The reason behind achieving such
asymptotic throughput is the fact that interference for communication among closest neigh-
bors is bounded for different channel path losses even whgoes to infinity. In addition,
we find that the average delay and variance scaledike) and©(n?), respectively, for both
one-copy and multi-copies techniques. We also show that a reduction of more than 69% in
average delay is obtained for a finite while a maximum bounded delay value can be guar-
anteed. Surprisingly, because the basic principle of our idea is that each copy of a packet
follows different random routes in the search for the destination, our result of delay reduction
is related to those obtained by Azar et al [4] and Mitzenmacher [38] who found an exponential
reduction of waiting time for the problem of loading balancing, by having a task the ability to
chose among different servers. That is, we find an analogous qualitative behavior for a prob-
lem from a distinct research field. Another contribution of this work consists of an analytical
model for interference calculation, which permits us to obtain the signal-to-interference ratio
(SIR) measured by a receiver node at any point in the network. We show that the receiver SIR

6



tends to a constant if it communicates with close neighbors when the path loss patameter
is greater than two, regardless of the position of the node in the network. These results are
consistent with all previous works, except that earlier works have only considered the receiver
node located at the center of the network [36], [61], [30].

In Chapter 4, we quantitatively show that there is a trade off among mobility, capac-
ity, and delay in ad hoc networks [40], [42], [44]. More specifically, we consider two schemes
for node mobility in ad hoc networks. In the first scheme, the size of the cells varies with
the total number of nodes. The associated throughput and delay as functionsare given
by @< 10%@) and©(y/n), respectively. Compared to the static network model [28], this
scheme attains a gain 6f(log(n)) by using restrained mobility. In the second scheme, the
size of a cell is not a function af. For a given constant number of celjshe size of each cell
is 1/1, and the corresponding throughput and delayyl}r@(l) and@(%). These derivations
are generalization of the results by Grossglauser and Tse [26] and represent a reduction of
1/+/1 in throughput, while the delivery delay is decreased. This result indicates that mobil-
ity, capacity, and delay should be treated as exchangeable entities. The multi-copy relaying
strategy is added to this scheme and it is shown that the order of magnitude of the through-
put is preserved, but lower delivery delay is attained. The last scheme analyzed presents
the throughput-delay analysis for a fixed network in which nodes are endowed with direc-
tional antennas. We find that the throughput and delay for this schenﬁ%@) and
@(M), respectively. This result is important, because it represents a capacity gain of
O(log(n)) compared to the results in Gupta and Kumar [28], and Yi et al [70]. However,

this capacity gain is not associated with a decrease in delay, as one would expect due to the



capacity-delay trade-off, because we have changed the physical layer properties of the wire-
less network analyzed. The overall results suggest that using mobility or enhanced physical

layer properties (for example, directional antennas) can improve capacity or delay. This result

guided us to the topic covered in the Chapter 5 where we change the physical layer properties
of the wireless ad hoc network such that the nodes can collaborate among each other in order
to improve the performance of the network.

A novel collaboration-driven approach to the sharing of the available bandwidth in
wireless ad hoc networks, which we cafiportunistic cooperatiors introduced in Chapter 5.
Contrasting with traditional ad hoc network schemes where communication among nodes is
one-to-one, one-to-many, or many-to-one, we propose a many-to-many framework in which
nodes simultaneously communicate with each other overcoming interference. This scheme is
based on the integration of multi-user detection and position-location information with fre-
guency division in MANETSs. By having concurrent transmission and reception of multiple
packets among close neighbors, multi-copy forwarding of packets is employed such that the
nodes collaborates among each other by looking for one another destinations. Also, we pro-
vide a simple channel access scheme for neighbor discovery and the relationship between the
probability of collision and the parameters of the network.

In Chapter 6, we present an example of opportunistic cooperation with frequency
division multiple access (FDMA), code division multiple access (CDMA) and successive in-
terference cancelation (SIC) [45], [46]. In this scheme, transmissions are divided in frequency
and codes according to nodal locations, and SIC is used at receivers to allow them to decode

and use all transmissions from strongly interfering sources. Consequently, the interference



is divided into constructive interference (COI) and destructive interference (DEI). We show
that, if each node is allowed to expand its bandwidth, both the link’s Shannon capacity and
the per source-destination throughput scale lRén2 ) (upper-bound) and2[f(n)] (lower-

a
2,

bound), for a path loss parameter> 2 and1 < f(n) <n2. The upper-bound is the highest
throughput reported in the literature for ad hoc networks. Opportunistic cooperation allows
multi-copy relaying of the same packet, which reduces the packet delivery delay significantly
compared to single-copy relaying without any penalty in capacity.

Another example of opportunistic cooperation using multiple-input multiple-output
(MIMO) systems is presented in Chapter 7. We compute the capacity of MANETS when all
the nodes in the network are endowed with antennas. More specifically, we obtain the
upper-bound ergodic capacity of each node. We show that this approach significantly reduces
the destructive effects of interference, and we demonstrate that this capacity grows when the
transmit power of the nodes in the network increases up to a point, where no gain in capacity
is possible by increasing power. In addition, the capacity upper-bound does not decrease

with the increase in the number of nodes in the network. The numerical results obtained are

compared with Monte-Carlo simulations.



Chapter 2

Related Work and Network Models

This chapter summarizes the main results reported in the literature on the field of capacity
analysis for ad hoc networks that are related to our studies. The network models and funda-
mental assumptions employed throughout the thesis are also described here.

Basically, the wireless ad hoc networks can be classified in either static, or mobile,
or even hybrid, according to the properties of the nodes. In general, the mobile networks
present more complexity than the static ones, because with mobility the arrangement of net-
work is constantly changing, which imposes control challenges for communication. In either
case, the capacity and delay behavior can result quite different as it is discussed in the next

sections and chapters.

2.1 Static Wireless Networks

The first kind of wireless network considered in our study is the fixed (or static).

The nodes are fixed and can be deployed arbitrarily, or randomly, or regularly spaced (like in
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a grid) in the network.

2.1.1 The Fundamental Scalability Results

In 2000, Gupta and Kumar [28] analyzed the capacity of static wireless networks
when the number of total nodes in the network scale to infinite. The network model consisted
of a sphere of unit area containingtotal fixed nodes with identical properties. Nodes were
placed either arbitrarily or randomly in the area. Communication among nodes was obtained
through a single wireless channel shared among all nodes, and therefore subject to interfer-
ence. Packets were sent from source to destination in a multihop fashion following the path
close to the straight line that links the source to its destination. Therefore, each node could
function as source, relay and destination of packets. They showed that there exists a Voronoi

tessellatior},, on the unit sphere surface satisfying the following properties:

e Every Voronoi cellV contains a disk of area00 log(n)/n and corresponding radius

e(n) = cq44/log(n)/n, for some positive constant.
e Every Voronoi cell is contained within a circle of radi2gn).

Each Voronoi celV € V), is simply a cell of the network, and the cells do not have a regular
shape because the network is arbitrary or random. With this tessellation, each cell contains at
least one node with high probability (whp)vhich meets the connectivity requirement [28].
Furthermore, by choosing the transmission range equsaltog for each node, it allows direct
communication within a cell and between adjacent cells. Accordingly, two cells are interfering

neighbors if there is a point in one cell that is within a dista(ize- A)8¢(n) of some point

Lwith high probability means with probability 1 — %, for some positive constang [47].
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in the other cell, in whichA > 0 is a given constant modeling condition where a guard zone

is required to prevent a neighboring node from transmitting on the same channel at the same
time [28]. They described two models for successful communication among node&; Let
denote the location of a noden the network. TheProtocol Modelestablishes that node

transmits successfully to nogef the following condition is satisfied [28]
| Xr — X5 > (1+A)|X; — X, (2.1)

so that transmit nod&;, will not impede X; and.X; communication. In th&hysical Model
nodes transmits successfully to nogef the signal to noise and interference ratk{ 1 R) at

node; satisfies [28]

P
| Xi — X\a

No—i-z‘ k—X’a

SNIR = > 8, (2.2)

whereP; is the transmit power of node « is the path loss parametéy) is the noise power,
andg is the minimum value o5 NI R necessary for successful reception. It is known that
if « > 2 and each node transmits at same power, thefPthecolandPhysicalmodels are
equivalent [23].

Gupta and Kumar showed that, by using the previous two communication models,
the node throughput of fixed wireless networks scal® &s//n) for the arbitrary placement
of nodes, and a® (1/\/Wg(n)) for the random placement of nodes. In either case, the
capacity of each node decreases as the number of total nadélse network increases. This

poor performance is mainly due to interference among nodes.
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2.1.2 Wireless Backbone Approach

Franceschetti et al [22] proved that a node throughpéi(@f/\/n) can be achieved
in a static random network, if a wireless backbone is rich enough in crossing paths such that

it transports all traffic of the static network, although it does not cover all the nodes.

2.1.3 The Minimum Power Routing

Shepard [61] was the first to note that if the minimum power route for packets is
considered along with an efficient distributed channel access technique, then a scalable static
wireless network is feasible. Later, Negi and Rajeswaran [51] provided an ultra wide band
multiple access technique, using the minimum power routing idea, and they proved that a
wireless network can indeed have a capacity that grows with the total number of nodes. They
showed that appropriate change in the physical layer assumptions can improve the throughput

of wireless ad hoc and sensor networks significantly.

2.1.4 Directional Antennas

Channel access techniques for directional antennas has been proposed for ad hoc
wireless networks [6], [14]. Yi et al [70] investigated the capacity scalability for an extended
model from Gupta and Kumar [28] where the nodes are endowed with directional antennas.
They found that a constant gain in capacity is possible when compared to [28]. However,
Peraki and Servetto [55] employed a network flow analysis to study the capacity of wireless
networks implementing directional antennas and they showed that it is indeed possible to

obtain gains of®(log(n)) compared to Gupta and Kumar's results [28]. This result is in
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agreement to our findings presented in Chapter 4.

2.2 Mobile Wireless Networks

The second type of wireless network is formed by mobile nodes. The movement of
the nodes are function of their velocity and direction. There are many models for movements.
In our work, we are going to consider thaiform mobility mode]5] and therandom waypoint
model[12], [9].

In the uniform mobility mode]5], the nodes are initially uniformly distributed, and
move at a constant speedand the directions of motion are independent and identically dis-
tributed (iid) with uniform distribution in the range, 27). As time passes, each node chooses
a direction uniformly from[0, 27r) and moves in that direction at speedor a distancez,
wherez is an exponential random variable with mganAfter reaching: the process repeats.

This model satisfies the following properties [5]:

e At any timet, the position of the nodes are independent of each other.

e The steady-state distribution of the mobile nodes is uniform.

e Conditional on the position of a node, the direction of the node movement is uniformly

distributed in[0, 27).

The uniform mobility is the theoretical model implemented in our analysis for MANETS.
In the random waypoint mobility modél2], [9], the nodes are initially randomly
distributed in the network area. A node begins its movement by remaining in a certain position

for some fixed time, calle@ause timedistributed according to some random variable, and

14



when it expires the node chooses a random destination point in the network area and begins to
move toward that point with a constant speed uniformly distributed avgr,[ vimaz], Where

Umin @ndv,q, Stands for minimum and maximum velocity respectively. Upon arrival at

the destination, the node pauses again according to the pause time random variable and the
process repeats. Nodes move independently of each other. This is the model implemented in

our simulations for MANETS. This idea can also be used for ad hoc networks.

2.2.1 Multiuser Diversity

Knopp and Humblet [35] established a new communication scheme for wireless
systems calledhultiuser diversitywhich was shown to maximize the capacity of a single-cell
multiuser communication. Their basic idea is that the base station reserves the communication
link to the user which presents the best channel. Because in a mobile wireless network the
communication channel to each user is governed by independent fading, multiuser diversity

provides a form of randomization of the channel access which one can take advantage of.

2.2.2 Mobility Increases the Capacity of Wireless Networks

In 2001, Grossglauser and Tse [26], [27] presented a two-phase packet relaying
technique for mobile ad hoc networks that attafhsl) per source-destination throughput
whenn tends to infinity.

The scheme is based omultiuser diversity35] where each source node transmits
a packet to the nearest neighbor; that is, using the simple path propagation model, the source

reserves its channel for a receiver that can best exploit it. This neighbor node functions as
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a relay and delivers the packet to the destination when this destination becomes the closest
neighbor of the relay.

The network model consists of a normalized unit area disk contaimingpbile
nodes. They considered a time-slotted operation to simplify the analysis. The position of
nodei at timet is indicated byX;(¢). The procesqX;(-)} is stationary and ergodic with
stationary uniform distribution on the disk, which yields node trajectories that are iid.

At each time step, a scheduler decides which nodes are senders, relays, or desti-
nations, in such a manner that the source-destination association does not change with time.
Each node can be a source for one session and a destination for another session. Packets are
assumed to have header information for scheduling and identification purposes.

Suppose that a souréenas data for a certain destinatidfi) at timet¢. Because
nodesi andd(i) can have direct communication onlyn of the time on the average, a relay
strategy is proposed to deliver datadi@) via relay nodes. They assume that each packet can
be relayed at most once.

According to thePhysical Modelat timet, nodej is capable of receiving at a given

rate of W bits/sec from i if

SNIR =

P;(t)gi;(t) _ Pi(t)giy(t) S
— > 3, (2.3)
No+ 7 2 Pel®)gig(t)  No+ 5l
ki

I

whereP;(t) is the transmitting power of nodeg;; (¢) is the channel path gain from noti® j,
@ is the signal to noise and interference ratio level necessary for reliable communidégisn,

the noise power)/ is the processing gain of the system, drid the total interference at node
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j. The channel path gain is assumed to be a function of the distance only, so that [26], [28]

1 1
A P VT R 0) @9

wherec is the path loss parameter, angl(t) is the distance betweerand;.

Therefore, according to the above communication scheme, each node sends data
to its destination in a two phase process (see Fig. 2.1). Packet transmissions from sources
to relays (or destinations) occur durifhase 1 and packet transmissions from relays (or
sources) to destinations happen duritftase 2 Both phases occur concurrently, Rhase 2

has absolute priority in all scheduled sender-receiver pairs.

n-1
routes

Phase 1 Phase 2

Figure 2.1: Two-phase process for packet delivery.

Because node trajectories are iid and the system is in steady-state, the long-term
throughput between any two nodes equals the probability that these two nodes are selected by
the scheduler as a feasible sender-receiver pair. According to [26] this probabﬁ)’&;bs
Also, there is one direct route amd— 2 two-hop routes passing through one relay node for a
randomly chosen source-destination pair. Thus, the service r.’a;e:is@(%) through each

actual relay node, as well as the direct route. Accordingly, the total throughput per source-
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destination paity is

=Y n= Y @<;>=@<”;1>";‘5°@(1). (2.5)

J=1#i j=1,j#i
Thus, this scheme attaiti¥(1) per source-destination throughput whetends to
infinity. However, the delay experienced by packets under this strategy was shown to be large
and it can be even infinite for a fixed number of nodeksii the system, which has prompted
more recent work presenting analysis of capacity and delay tradeoffs [56], [5], [50], [23], [66].
Given that the number of nodes in real MANETS is finite, delay is an important performance

issue.

2.3 Random Loading Balancing

The works by Azar et al [4] and Mitzenmacher [38] develop a powerful idea in
the field of computer performance. They showed that an small amount of choice can lead
to drastically different results in random load balancing. More specifically, lialls are

. . . . .. . . (n)
randomly placed inta bins, the size of the maximum bin is given approxmate%ég%%
whp. However, if each ball is placed sequentially into the least full difins chosen uniformly
and independently at random, the maximum load is then o8} (g}?;)) -+ O(1) whp, which
represents an exponential reduction in maximum load. This principle seems to be related to

the delay reduction we found in Chapter 3 by using multiple copies of same packet following

distinct random routes to the destination.

18



2.4 Trade-off Analysis

In wireless ad hoc networks, the capacity-delay trade-off is a key issue. The assump-
tions for attaining a given capacity is always associated with the delivery delay of packets.
Perevalov and Blum [56] presented an analysis for delay limited capacity of ad hoc networks
in which they computed the ensemble average of the probability that two nodes come close
to each other. We use their approach to obtain delay for our multi-copy forwarding scheme
proposed in this thesis. Neely and Modiano [50] provided an interesting study on capacity and
delay trade-off for mobile ad hoc networks using the theory of queues. By assuming that the
network has a cell partitioned structure, that the nodes move according to an iid model, and
using a modified two-hop relaying strategy, they found that there the throughput and delay
must satisfydelay /rate > O(n). El Gamal et al [23] provided a detailed trade-off analy-
sis for throughput and delay in wireless networks, where they recover the results by Gupta
and Kumar [28], as well as Grossglauser and Tse [26], using simpler techniques. However,
because a node is not always allowed to move around the entire network for some practical
applications of ad hoc networks, we present a study on mobility-capacity-delay trade-off in

Chapter 4, and we comment on the impact of the results for the scalability of such networks.

2.5 Hybrid Networks

Another possible scenario arises when there are nodes and base stations in a wireless
network [17]. Liu et al [37] study the capacity scalability for these types of networks. They

considered that some static nodes are represented by base stations which are interconnected
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by a broadband wired infrastructure. These base stations can forward the messages from the
user nodes across the network. They showed that the number of base stations should grows
faster than/n, wheren is the number of mobile nodes, in order to obtain a capacity that scale
linearly with the number of base stations. Otherwise, the benefit of adding base stations on
capacity is insignificant. In another hybrid scenario, Agarwal and Kumar [2] emphasized that
by choosing appropriate transmission power levels and communicating with the closest node
or base station in a multihop fashion can provide good capacity performance for static ad hoc

wireless network.

2.6 MIMO Systems

The capacity of MIMO systems has received considerable attention [21], [62], [25];
however, all these studies concentrate on the concept of one-to-one communication among
nodes. Even the work by Jait et al [34] studies the capacity of wireless ad hoc networks
by assuming that the entire network is a single MIMO system in which some nodes are part
of the transmitter and the remaining nodes in the network are part of the receiver, and where
all the nodes have only one antenna. A random line is used to cut the network into two parts
for senders and receivers. While this work [34] was the first attempt to compute the capacity
of networks based on MIMO systems, the results are rather optimistic by assuming all the
receiving nodes in the network are capable of cooperating with each other to decode the data.
Furthermore, Chen and Gans [13] showed that the node capacity of a MIMO ad hoc network
goes to zero asa increases. In Chapter 7, we will show different result for such networks
using a distinct model and the opportunistic cooperation scheme introduced in Chapter 5.
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Chapter 3

Throughput-Delay Analysis of
MANETs with Multi-Copy

Forwarding

This chapter introduces and analyzes an improved two-phase packet forwarding strategy for
MANETS [39], [41], [43] that attains th&(1) capacity of the basic scheme by Grossglauser
and Tse [26] (see Section 2.2), but provides better delay behavior than the single-copy tech-
nique. Our main objective is to decrease the delay incurred by the packet to reach its des-
tination in steady-statewhile maintaining the capacity of the network at the same order of
magnitude as that attained in [26]. Our basic idea is to give a copy of the packet to multiple

one-time relay nodes that are within the transmission range of the sender. By doing so, the

IThat is, after averaging over all possible starting random network topologies so that transient behaviors are
removed.
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time within which a copy of the packet reaches its destination can be decreased. The first
one-time relay node that is close enough to the destination delivers the packet.

We find an enormous reduction in delay by having a packet more than one possible
random route to the destination. This result is analogous to the problem in which Azar et
al [4] and Mitzenmacher [38] showed that a small amount of choices can lead to drastically
different result in randomized load balancing. More specifically, having just two random
choices yields an exponential reduction in maximum loading over having one choice, while
each additional choice beyond two decreases the maximum load by just a constant factor. In
our case, by multi-copy forwarding a packet and having only the fastest copy being delivered,
it is analogous to having the packet taking one of the shortest random path to the destination
from multiple random routes (or choices).

An interesting feature of the multi-copy relaying approach is that the additional
relaying nodes carrying that same copy of the packet can be used as backups to protect against
node failures which improves the reliability of the network [49].

Furthermore, we provide an analytical method to compute the exact effect of inter-
ference in ad hoc networks.

The remaining of the chapter is organized as follows. Section 3.1 summarizes the
basic assumptions used to analyze the capacity of MANETSs [26]. Section 3.2 explains our
multi-copy packet forwarding strategy. Section 3.3 presents the average number of feasible
receiving nodes around a sender. Section 3.4 presents the interference analysis. Section 3.5
shows that the new relaying scheme attains the same capacity order of magnitude as the orig-

inal two-phase scheme proposed by Grossglauser and Tse [26]. Section 3.6 shows the delay
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reduction resulting from our forwarding strategy and presents theoretical and simulation re-

sults. Section 3.7 concludes the chapter summarizing our main ideas.

3.1 Basic Assumptions

The network model we assume is the one introduced by Grossglauser and Tse [26]
(see also Section 2.2), and consists of a normalized unit area disk contaimiabile nodes.

We consider a time-slotted operation to simplify the analysis, and we assume that communica-
tion occurs only among those nodes that are close enough, so that interference caused by other
nodes is low, allowing reliable communication. The position of nbdetimet is indicated

by X;(t). The nodes are assumed to be uniformly distributed on the disk at the beginning, and
there is no preferential direction of movement.

Nodes are assumed to move according touhiéorm mobility mode|5], in which
the steady-state distribution of the mobile nodes in the network is uniform (see Section 2.2).

At each time step, a scheduler decides which nodes are senders, relays, or desti-
nations, in such a manner that the source-destination association does not change with time.
Each node can be a source for one session and a destination for another session. Packets are
assumed to have header information for scheduling and identification purposes, and a time-to-
live threshold field as well.

Suppose that a sourgehas data for a certain destinatid(y) at time¢. Because
nodesi andd(i) can have direct communication onlyn of the time on the average, a relay
strategy is required to deliver datad(i) via relay nodes. We assume that each packet can be
relayed at most once.
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Using the physical model as described in Eq. (2.3) and given that the interference
coming from other nodes generally is much greater than the noise power for narrowband
communication, the denominator in Eq. (2.3) is dominated by the interference factor, i.e.,
> ki Pe(t)gr;(t) = I >> No. In addition, we assume that no processing gain is used, i.e.,
M = 1, and thatP;, = P Vi. Then, combining Egs. (2.3) and (2.4) yields the Signal-to-

Interference Ratio (SIR)

P
P
= J = >
SIR= " = = > 0. (3.1)

We will determine an equation relating the total interference measured by a receiver commu-
nicating with a neighbor node as a function of the number of total nedesthe network.

More precisely, we want to obtain an expression for Eq. (3.1) as a functioncaiculate the
asymptotic value of the SIR asgoes to infinity, and verify that communication among close

neighbors is still feasible.

3.2 Multi-Copy One-time Relaying

As discussed in Section 2.2, Grossglauser and Tse [26] consider a single-copy for-
warding scheme consisting of two phases. Packet transmissions from sources to relays (or
destinations) occur duringhase 1and packet transmissions from relays (or sources) to des-
tinations happen durinBhase 2 Both phases occur concurrently, lRltase Zhas absolute
priority in all scheduled sender-receiver pairs. We extend this scheme to allow multiple copies

of the same packet duriri@hase 1as described below.
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3.2.1 Packet Forwarding Scheme

We allow more than one relay node to receive a copy of the same packet during
Phase 1 Thus, the chance that a copy of this packet reaches its destination in a shorter time
is increased, compared to using only one relay node as in [26]. Also, if for some reason
a relaying node fails to deliver the packet when it is within the transmission range of the
destination, the packet can be delivered when another relaying node carrying a copy of the
same packet approaches the destination.

In Fig. 3.1(a), three copies of the same packet are received by adjacent relay nodes
j, p, andk duringPhase 1 All such relays are located within a distan¢gegfrom sendes. At
a future timet, in Phase 2nodej reaches the destination before the other relays and delivers

the packet. Note that relay nogeeed not be the closest node to the source diRtmgge 1

Phase 1 Phase 2

Figure 3.1 (a) Three copies of the same packet are transmitted to different receitase 1 Node

j is the first to find the destination, and delivers the packdRteise 2 The movement of all the
remaining nodes in the disk is not shown for simplicity. (b) Time-to-live threshold timeout for three
copies transmission (from (a)).
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3.2.2 Enforcing One-Copy Delivery

There are several ways in which the delivery of more than one copy of the same
packet to a destination can be prevented. For example, each packet can be assigned a sequence
number (SN) and time-to-live (TTL) threshold. Before a packet is delivered to its destination,

a relay-destination handshake can be established to verify that the destination has not received
a copy of the same packet. All relays delete the packet copies from their queues after the
TTL expires for the packet, and the destination of the packet remembers the SN of a packet it
receives for a period of time that is much larger than the TTL of the packet to ensure that any
handshake for the packet is correct in practice.

Fig. 3.1(b) depicts the situation in which nogléinds the destination nod#) first
and delivers the packet before the TTL expires. The other copies are dropped from the queues
atp andk, and only one node out of the three potential relays actually delivers the packet to
the destination.

To ascertain if this multi-copy relaying strategy provides any advantages over the

single-copy strategy proposed by Grossglauser and Tse [26], we need to answer two questions.

¢ How many nodes around a sender can successfully receive copies of the same packet?

e What is the delaylx (for K copies) for the new packet transmission scheme compared

to the delayi in the single-copy strategy [26] when the network is in steady-state?

Because we address the network capacity for any embodiment of the multi-copy
relaying strategy, we assume in the rest of this paper that the overhead of the relay-destination

handshake is negligible.
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3.3 Feasible Number of Receivers iPhase land Cell Definition

A fraction of the total number of nodesin the networkng, is chosen randomly
by the scheduler as senders, while the remaining nadespperate as possible receiving
nodes [26]. A sender density paramefeis defined asng = 6n, wheref € (0,1), and
nr = (1—0)n. In the proposed multi-copy relay strategy each sender transmits to all the nodes
in the feasible transmission range, these additional copies follow different random routes and
find the destination earlier compared to the single-copy strategy of Grossglauser and Tse [26].

If the density of nodes in the disk is

n n

= —-— prem— = |2
p total area 1 " (32)

then, for a uniform distribution of nodes, the radius for one sender node is given by

1

N (3.3)

1 =0prr? = Onnr? = r, =

Thus, the radiug, defines a cell (radius range) around a sender.
Assuming a uniform node distribution, the average number of receiving nodes within

o, calledK, is
K =ngpnr? == —1, (3.4)

which is a function of and does not depend en The main idea behind multi-copy scheme
stems from the fact thd# can be smaller than 0.5 and consequently, for any sender node, on
average there is more than one relay available for many senders. Grossglauser and Tse [26]
showed that the maximum capacity is obtainedéfet 0.5 (for o < 4), so that we can have

K > 1 and be very close to the maximum capacity, as shown later. Note that Eq. (3.4)
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provides a benchmark to choose a value Kobased ord. However, the actual number of
receiving nodes, calleft’, for each sender node varies.
Referring to the recent work by EI Gamal et al [23], each cell in our strategy has
1

areaa(n) = i ﬁ By applying random occupancy theory [47, Chapter 3], the fraction of

cells containingl senders and receivers is obtained by

P{senders 4., receivers =K}

= [P{senders 4 }P{receivers =K | senders <}

n 1 L 1 n—L| n—1, 1 K 1 n—L-K
e B L
n 1 L 1TL7L n—1L 1 K 1 n—L—K
- (o) (-45) @) (g) - 9
L K

Given that we are interested in very large valuesfoand using the limi{1 — )" — e~!

asr — oo, we have the following result for >> L, K

o 0
P{senders 7, receivers =K} =~ %L,(%)L[(l—%)e”} o )”%(%)K[(l—%)g"} o
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|
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h
|
—
~
>
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)18, (3.6)

For example, fol = 1, K > 2, andf = =, we have that the fraction of the cells containing

L
one sender and at least two receivers eqiats/?(1 — e=1/% — 1¢=1/%) ~ 0.12. Therefore,

for K > 2, approximatelyl2% of the cells can forward packets using the multi-copy scheme
in Phase 1

In addition, forf = % we have that the fraction of the cells have one sender and

one receiver equal(s;—e—l/e)2 ~ 0.02. In this case, the scheduler does not select these cells
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for packet transmission, because the delivery delay incurred can be significantly high, as we
show subsequently.
The maximum number of nodes in any celﬂs{bgl(‘l’f%} whp (see Lemma 1).

ce log(n) i o
Thus, whp, K < m << n for some positive constang.
The feasibility that all of thosé&” nodes successfully receive the same packet in the

presence of interference is the subject of the next section.

3.4 Interference Analysis

In the previous section, we obtained the fraction of cells that has one sender sur-
rounded byK > 2 receiving nodes withimr,, assuming a uniform distribution of nodes.
Suppose that one of th€ receiving nodes is at the maximum neighborhood distapda
any of these cells. We want to know how the SIR measured by this receiver behaves as the
number of total nodes in the network (and therefore the number of total interferers) goes to
infinity. We are interested in determining whether feasible communication between the sender
and the farthest neighbiofwith distancer,) is still possible, even if the number of interferers
grows.

For a packet to be successfully received, Eqg. (3.1) must be satisfied. Hence, consider
a receiver at any location in the network during a given timks distance from the centef
is shown in Fig. 3.2, where < 7’ < %r — r,. Let us assume that the sender is at distance

7=

o from this receiver and transmitting at constant poweso that the power measured by the

2This represents the worst case scenario, because thef6ther neighbors are located either closer or at the
same distance, to the sender, so they measure either a stronger or the same SIR level.
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receiverPy is given by

Pp = (3.7)

P

7470[.
To obtain the interference at the receiver caused by all transmitting nodes in the

disk, let us consider a differential element ardad~y that is distant units from the receiver

(see Fig. 3.2). Because the nodes are uniformly distributed in the disk, the transmitting nodes

inside this differential element of area generate the following amount of interférantiee

receiver

P
dl = —0prdrdy= Ondrdy. (3.8)
r

Tafl

Unit Area
Disk

Figure 3.2 Snapshot of the unit area disk at a given timeAt this time, the receiver node being
analyzed is located at from the center while the sender is at distangérom the receiver node.

3Because the nodes are considered to be uniformly distributed in the diskgnogvs to infinity, we approxi-
mate the sum in the denominator of Eq. (2.3) by an integral.
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3.4.1 The casex > 2

For some propagation models [58, p. 139, Table 4.2], the path loss parameter is
modeled to be always greater than two, i®.;> 2. The total interference at the receiver
located at distance’ from the center with total ofi nodes in the network is obtained by

integrating Eq. (3.8) over all the disk area. Hence,

Ir’ (TL) = /d . dl
21 prom (7'y) P
0 Jro r
2, 2—a |Tm(r')
= P9n/ !
0 2 — o

dy
_ Pon /0“ 1 1 J (3.9)
Toamzf s Gl |

rm IS the maximum radius thatcan have and is a function of the locatiohand the angle

~. To find this function, we can use the boundary disk curve (or circumference) equation

expressed as a function of theaxis andy-axis shown in Fig. 3.2, i.e.,
xﬁ%2—(iﬂz (3.10)
Definex = 2/ + 1/, 2’ = r,, cos v, andy = r,, sin~, then Eq. (3.10) becomes

2
(1 087+ 2+ (rsin)? = (1)

= rp(r,y) = % — (r'siny)2 — 1’ cos . (3.11)

Substituting this result in Eq. (3.9) we obtain

_2P9n
Ca—2

() T 4] (3.12)
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where

% — (r'siny)2 — 1’ cos ’y}

[T d
Falr) = /0 [ i — (3.13)

is a constant for a given positiof. For the case in which = 4, Eq. (3.13) reduces to

71,2

N — . 3.14
fa(r') 1— 2702 + w2pr4 ( )

We can obtain the SIR using Egs. (3.1), (3.3), (3.7), and (3.12) to arrive at

P -2 1 -2
SIR(n) = = = == = gras(n),  (319)

? {1 - a(la—zfa(r’)] ’

-1
L fa(rl)] . Taking the limit as» — oo, we obtain

3 0n) 2

where ¢,/ o 9(n) = {1 -

O‘Tﬂ-l ifOST’<ﬁ—ro
Loa—2 . .
SIR= lm == gras(n) =\ 232 gua9(n—o0) ifr' = —r, ie, (316)

the network boundary.

From Eq. (3.15)¢ 4,0(n — 00) = ¢, o(n — o0) becausd is a scale factor on and does

not change the limit. Thus,

1 ingr’<ﬁ—rOanda>2
1.467 if ' = ﬁ —roanda = 3
@ 0,0(n — 00) = ¢ 1.333 if ' = 7= —roanda = 4 (3.17)
1.270 if ¢/ = ﬁ —roanda =5
1.232 if ¢/ = ﬁ —r,anda = 6.

Fig. 3.3 shows the SIR as a functionrofor o = 4, 6 = % and for different values

of /.
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Figure 3.3 Signal-to-Interference Ratio curves as a function &dr « = 4 andf = % for the receiver
node located at different positions in the network.

In addition, Figs. 3.3, 3.4, and Eqgs. (3.16) and (3.17) showtti@SIR remains
constant whem grows to infinity and this constant does not depend’ah0 < ' < ﬁ —To,
i.e., it is the same value for any position of the receiver node inside the disk, whether the
position is at the center, close to the boundary, or in the middle region of the radius disk.
Nevertheless, if the receiver node is at the boundary= ﬁ — 1) then the SIR is still
a constant whem scales to infinity but it has a greater value (see Figs. 3.3, and 3.4). For
comparison purposes, Fig. 3.4 illustrates the SIR3fet o < 6 andfd = % for the receiver
node located at the center and at the boundary of the network.

Hence, by having the SIR approaching a constant value@®ws to infinity, the
network designer can properly devise the receiver (i.e., design modulation, encoding, etc.)
such that Eq. (2.3) can be satisfied for a giyerallowing reliable (feasible) communica-

tion among close neighbors duriftipase 1and also during®’hase Zor those cells that can
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Figure 3.4 Signal-to-Interference Ratio curves as a functiompfor 3 < o < 6 andf = % and the

receiver node considered located at the center and at the boundary of the network.

successfully forward packets.
Also, Fig. 3.5 confirms that the limiting SIR does not depend @s predicted by

(3.17).

Log 1"

Figure 3.5: Signal-to-Interference Ratio curves as a function,dbr a = 4, ' = 0 (i.e. receiver node
at center of cell), and for different values @f In all cases the limiting SIR tends to the same value,
i.e., it does not depend @h
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3.4.2 The casex =2

For the free space propagation model [58, p. 107], the path loss parameter is mod-
eled to be equal to two, i.eqq = 2. Thus, the total interference at the receiver located at
distancer’ from the center with totah users in the network is obtained by integrating Eq.

(3.8) over all disk area.

2r  rrm (7' Y) j2)
I/(n) = dl = —Ondrdy
disk 0 To r

e /
2POn / log {’"m(r”)] dy
0

To

™ 1 (r'sinv)? — 1’ cosy
= 2P9n/ log dy . (3.18)
0

To

For this case, the SIR can readily be obtained by using Egs. (3.1), (3.3), (3.7) and (3.18), so

that

1
P G
SIR.(n) = - = :

I 1/ £ —(r' siny)2—7/ cos
20n [, log [ x (i) 7] dry

To

-1

1 ™ L (r'sinv)? — 1’ cosy
- 20nr?2 /0 log To atl
2 (7 1 o
= {/ log[<\/7r9n>< ~ — (r'sinvy)2 — 1/ cos 'y)] d*y} . (3.19)
™ Jo m

Fig. 3.6 shows curves for SIR when= 2 andf = % Although the limiting SIR tends to

zero asn scales to infinity, the decay is not fast. This result is consistent with [61].
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Figure 3.6. Signal-to-Interference Ratio curves as a function &dr « = 2 andf = % for the receiver
node located at different positions in the network cell.

3.5 Per Source-Destination Throughput

We now show that the throughput per source-destination pair with our multi-copy
relaying approach remains the same order of magnitude as the original single-copy relaying
scheme, which i®(1) [26]. In the case of multi-copy forwarding, only one copy is delivered
to the destination and the other copies are dropped from the additional relaying nodes either
because the TTL timeout elapses, or the handshake between relay and destination informs
the relay that the packet has been delivered. Therefore, only one node But@des actu-
ally functions as a relay (as in Fig. 3.1(b)). Accordingly, only one copy passes successfully
through the two-phase process, as in Fig. 2.1. Because node trajectories are iid and the system
is in steady-state, the long-term throughput between any two nodes equals the probability that
these two nodes are selected by the scheduler as a feasible sender-receiver pair, which has

been shown to b@(%) [26]. Also, there is one direct route and- 2 two-hop routes passing
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through one relay node for a randomly chosen source-destination pair. Thus, the service rate
s\ = @(%) through each relay node, as well as the direct route. Accordingly, from Eq.
(2.5), the total throughput per source-destination pairs O(1).

From the description given above and from Eqgs. (3.5) and (3.6), the exact to-
tal throughput per source-destination pair is given by the fraction of cells that successfully
forward packets (i.e, the cells that are selected by the scheduler containing feasible sender-

receiver pairs). Then, for one sender and at I&aseceivers per cell, we have
K—1
Ar = P{sendersk) = 1, receivers are at lea&t} ~ J ¢~/ <1 = %(%)k el/a>. (3.20)
k=0
Hence, for at least two receivers per cell #hek 1, A\p = e V/0(1 — e /0 — Le71/%) »
0.12 = O(1). Therefore, the multi-copy forwarding strategy attains the same throughput order
as in [26].
Also, for at least one receiver per cell afie- 1, Ay = Fe1/9(1 — e /%) ~ 0.14.
Hence, for the case in whick® > 1, Eqgs. (3.6) and (3.20) give the same throughput value
obtained by Tse and Grossglauser [26], as well as Neely and Modiano [50]. The single-copy
forwarding strategy [26] selects only the nearest neighbor amongsgt thetential receiver
nodes.
A practical observation worth making here is that the capacity for the case of the
single-copy relaying scheme [26] can decrease when the relaying node goes out of service.

Our relaying technique is more robust, because other relaying nodes can still be in service

carrying other copies and find the destination and deliver it, functioning like backup copies.
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3.6 Delay Equations

In Sections 3.3, 3.4 and 3.5, we showed that it is possible to hateasible re-
ceivers that successfully obtain a copy of the same packet around a senderRhageyl
Now we find the relationship between the delay vaduebtained for the case of only one
copy relaying [26], and the new delay, for K > 2 copies transmitted durinBhase 1lin
steady-state behavior. Obviously, we hadye < d. A naive guess would be to takigr = %.
However, the correct answer is obtained considering the random movement of the Rodes.

is a small integer, much smaller tharwhp, as explained in Section 3.3.

3.6.1 Single-Copy Forwarding Case

Because we have node trajectories independent and identically distributed, we focus
on a given relay node labeled aede 1 and without loss of generality assume thate 1
received a packet from the source during titge= 0. Let P{| X1 (s) — Xgest(s)| < 70 | s}
denote the probability that relayodel at positionX;(s) is close enough to the destination
nodedest, given that the time interval length is wherer, is the radius distance given by
Eqg. (3.3), so that successful delivery is possible. The time interval lenigtlthe delivery-
delay random variable. Perevalov and Blum [56] obtained an approximation for the ensemble
average with respect to all possible uniformly-distributed starting poiAts(), X es:(0)),
where they considered the nodes moving on a sphere. We can extend their result to nodes
moving in a circle by projecting the sphere surface movement in the sphere equator and thus

have trajectories described in a circle and have [56]
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Ey [P{|X1(s) — Xaest(s)| <710 | s}]

= 11— (1 — e Mo hxr ()t /g Mo hX’(“)duhX/(t)dt)
0

= P{S<s}

= Fy(s), (3.21)

where Ey7[-| means the ensemble average over all possible starting points that are uniformly
distributed on the disk.Fs(s) can be interpreted as the cumulative density function of the
delay random variabl®. The functionh x (¢) is the difference from the uniform distribution,
such thathx (0) = 0 and|hx(t)| < 1 for all ¢, and X’ is a point at distance, from the
destination. The parameteris related to the mobility of the nodes in the disk and can be

expressed by [56]

2r,v 21,0
TR? 1 o¥ (3.22)

which results from evaluating the flux of nodes entering a circle of ragiukiring a differ-

ential time interval, considering the nodes uniformly distributed over the entire disk of unit
area and traveling at speedFrom Eqg. (3.3), we see that the radiygdecreases Wit%. To

model a real network in which a node would occupy a constant area, if the network grows, the
entire area must grow accordingly. Therefore, because in our analysis we maintain the total

area fixed, we must scale down the speed of the nodes [23]. Accordingly, the velocity of the

nodes also must decrease w% Then

(3.23)



Now, hx (t) has to be taken according to the random motion of the nodes [56]. If
we consider thaniform mobility mode]5], then a steady-state uniform distribution results as
the random motion of the nodes in the disk. In such a dagé) = 0V ¢ > 0. Applying this

resultin Eqg. (3.21) we have

Ey [P{|X1(S) - Xdest(5)| <7 | 5}] = 1- 6_)‘5

— P{S < 5} = Fi(s), (3.24)

which has the following probability density function:

—)\s
dF e for 0 <s < o0
fs(s) =4 = (3.25)
0 otherwise.

Thus, the delay behaves exponentially with méa&md varianC(-:‘Al—2 for the uniform mobility
model We conclude from Egs. (3.23), (3.24), and (3.25) that the average packet delivery

delay is©(n) and its variance i®(n?), i.e.,

E[S] = ~ =06(n),and Var[S] = — = O(n?). (3.26)

From now on, we replaceby d to indicate the delay for single-copy forwarding at

Phase 126]. Accordingly,
Ey [P{|X1(s) — Xgest(s)] <70 | s=d}]=1— e, (3.27)

for a uniform steady-state distribution resulting from the random motion of the nodes.

Also, from Egs. (3.24) and (3.25), we have that the delay values are not bounded as
a consequence of the tail of the exponential distribution, even if the number of total nodes in
the networkn is finite! Thus, the packet delivery time can grow to infinity for some packets,

even though its average value is limited by Eq. (3.26)aimlfinite.
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3.6.2 Multi-Copy Forwarding Case

Now consider thak’ copies of the same packet were successfully received by adja-
cent relaying nodes duringhase l(wherel < K << n). LetPp(s) be the probability of
having the first (and only) delivery of the packet at time interval lengthlence, given that
only one-copy delivery is enforced (see Section 3.2.2), an& akklays are looking for the
destination, we have that

K
Pp(s) = P { J0Xi(5) = Xaest(8)] < 76 | s]} . (3.28)
=1
Using union bound and considering tfg$(s) can be at most equal to 1, we arrive at
K
Pp(s) < min [Z P{[Xi(s) — Xaest(s)] < 7o | s}, 1] ; (3.29)
=1
in which Eq. (3.24) holds for each individual relapecause all thé&l nodes have indepen-
dent and identically distributed movements and one can use the results in [56] for a single
relay. However, when we attempt to compute the probabilities of multiple relays, since all
these nodes start moving from the same area to search for destination (within a circle of radius
r,), their probability distributions are not mutually exclusive. If the time necessary for all
these nodes to uniformly spread in the disk is equaltq.q, since each node has a speed
v = 6(%), then in generalt,,,..s = ©(y/n). However, as we will show later, the maxi-
mum delayd}}** = ©(n) given thatK << n whp. Thereforefg, eq.q << di** for large

values ofn, and consequently we can approximatefalprobabilities using Eq. (3.24). This

approximation for Eq. (3.29) results in

Pp(s) < min [K - P{|X1(s) — Xgest(s)| < 7o | s}, 1]. (3.30)
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Furthermore, Eq. (3.30) describes two cases. The first case is By is less than 1

while the second case is when the union bound is greater than 1. Obviously, we can derive a
meaningful relationship betweei andd only for the first case and that is the basis of our
remaining analysis. From Egs. (3.24) and (3.30), and repladiygix * to indicate the delay

for K-copies forwarded durinBhase 1we have for thaeiniform mobility model

Ey[Pp(s)] = Eu

K
P{U[\Xxs)—xdest(s)\ <rofs = dx]}]

i=1
P{Dk < dk}

= FDK(dK)

Q

K (1 - e*AdK) , (3.31)

for a uniform steady-state distribution resulting from the random motion of the nodes. Exact
computation of probability ofi i is a tedious task. Instead, we assume that the upper bound
probability can be achieved, while this is simply an approximation. We make this assumption
to find an approximate relationship betwedp andd and then by using computer simulation

for MANETS given in Section 3.6.5, we show that this approximation can model the asymp-
totic behavior ofdx reasonably wellFp, (dk ) can be interpreted as the cumulative density
function of the delay random variabley for K copies transmission &hase 1

From Eg. (3.31) we see that the maximum value attaine® R\is given when

FDK (d?al‘) =1~ K (1 — C_AdK ) — d%am =~ X log <[(_1> . (332)

Eq. (3.32) suggests thdtr a finite n, the new delay obtained by multi-copy forwarding is

bounded byl** after ensemble averaging over all possible starting points that are uniformly

“To be more accurate, we should useinstead oflx for the rest of the chapter because of the approximation.
In order to make the paper easy to read, we will continue to use the same notation for simplicity.
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distributed on the disk. On the other hand, our analysis to compute the relationship between
dk andd is based on the fact thdlx < d’%**, otherwise, the cumulative density function is
equal to one.

From Egs. (3.23) and (3.32), and becahSe<< n whp, dZ** grows to infinity
and no bounded delay is guaranteed #cales to infinity.

The probability density function fab k is

dFp, KXe Mr for 0 < dg < dje®
ddk

fpg(dK) = (3.33)

0 otherwise.
Hence, in the multi-copy forwarding scheme the tail of the exponential delay distribution is

cut off, and the average delay féf-copies forwarding is then given by

EDkg] = /OoodKfDK(dK)ddK

qmaz
\/O

e K e MK dd
1 K K-1
! [1 log (K ¢ 1) ] , (3.34)

Q

Q

and the delay variance is

Var|Dg] E[D%(] - (E[DKD2

% {1 - K(K-1) [log (K’Iilﬂ 2} . (3.35)

BecauseX << n whp, we conclude that the average delay and variance for any

&

K are fractions of} and%, respectively, and they also scale liR¢n) and©(n?). Note that
dx and X scale to infinity and zero like and% respectively. Thusidg which appears in
Egs. (3.32) and (3.33) is not a functionraf Nevertheless, the number of nodes does not scale
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Table 3.1 Average Delay and Variance for single-copy [26] and multi-copy:(K << n) transmis-
sion obtained from Egs. (3.26), (3.34), (3.35), and respective asymptotic delay ¥gltiefrom Eq.
(3.32) (or (3.40)), for finiten.

Copies Mean \Variance dpR**

Single-copy & . =
K =2 0.3075 0.039y; log(2)
K=3 0.1895 0.0144; log(3/2)

K=4 0137% 00074 =

>

—

>

—
N

3)

>

to infinity in real MANETS, and for a fixe@ we can obtain significant average and variance
delay reductions for small values & compared to the single-copy relay scheme, as it is
shown in Table 3.1. For example,if = 2 a reduction of more tha69% over the average
delay is obtained (i.e., for single-copy Mear%, for multi-copy (K = 2) Mean= %07).
Observe also that the mean and variance values decreasddihereases, i.e., the dispersion

from the mean delay is significantly diminished.

3.6.3 Relationship between Delays

We showed that the throughput of our multi-copy scheme is of the same order as the
one-copy scheme [26]. Indeed, we showed tats 0.14 for single-copy and\y =~ 0.12 for
multi-copy (K > 1), for 6 = % This capacity is proportional to the probability of a packet
reaching the destination. Hence, because onlyoopy of the packet is actually delivered to
the destination for single-copy or multi-copy, their total probabilities can be approximated at

their respective delivery time, i.e.,

K
P {U[\Xi(s) — Xdest(8)| <o | 8= dK]} ~ P{|X1(s) — Xaest(s)] <70 | s = d},

i=1

(3.36)
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and so their ensemble averages are

Ey

i=1

K
P{UHXZ-(s) — Xuest(5)| 70| 5 = dK]H
)l

~ EU []P’{\Xl(s) — Xdest(s <7, ’ s = dH s (337)

whose solution must be obtained by substituting Eq. (3.21)sfer dx ands = d respec-
tively) on both sides of Eq. (3.37) and solving féx for the particular model of random
motion of nodes. For a steady-state uniform distribution for the motion of the nodes, a simpli-

fied solution is obtained by substituting Egs. (3.27) and (3.31) in Eq. (3.37), i.e.,

K (1 - e_)‘dK) ~ 11— e M, (3.38)
Solving fordx we have
1 K
dr ~ — 1 . 3.39
K~ Og(K—He—Ad) (3.39)

This last equation reveals some properties for the strategy of transmitting multiple
copies of a packet duringhase 1If K = 1, then obviouslyix = d. If we letd — oo, with

n finite, and becausf’ << n, then we have

. 1 K 1 K if K >1
Zmax% I]jf 1: — 1: i i 340
K d—>1<>o)\ g(K —1+e_)‘d) A g<K—1) v ( )

This is the same asymptotic value already predicted by Eq. (3.32). The last column of Table |
shows values of this asymptotic delay for the single-copy and multi-édpy I < 4) cases,
expressed as a function of the mobility parameatesbtained from Eq. (3.40) (or (3.32)) for a
finite number of nodes. Note that the time-to-live threshold must be set greater than the worst
asymptotic delayX = 2) to allow the packet to be delivered, i.€35'*" = @ <TTL.
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Fig. 3.7 shows curves for Eq. (3.39), wheravas taken to be equal to one hun-
dredth. The case of single-coplf (= 1) is also plotted. Except for the case of single-copy, the
delaydx tends to a constant value dsncreasesHence, for a finiten, the multi-copy relay
scheme can reduce a delay of hours of the single-copy relay scheme to a few minutes or even
a few seconds, depending on the network parameter vahigs3.7 also shows that, a packet
having two random routes to reach its destination produces an exponential reduction in delay
compared to having only one random route, whereas having three (or more) random routes
leads only to incremental improvements from having two random routes. This result is analo-

gous to the power of two random choices studied by Azar et al [4] and Mitzenmacher [38].
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Figure 3.7: Relationship between delayg andd for single-copy,K = 2, andK = 4, for a uniform
distribution resulting from the random motion of the nodes for the network in steady-state.

3.6.4 Memory Requirements

In most practical applications, there is a limit on the maximum buffer queue size for

each node. Comparing the memory requirement for [26] and our proposal, we observe that
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our memory requirement increasesfasncreases. On the other hand, the delay requirement

in our technique is less than that of [26] by a factor larger tharisee (3.40) and Table

3.1). Therefore, on average, each packet is kept in memory for a shorter period of time.
This observation suggests that our approach decreases the delay considerably while at the
same time reduces the memory requirements without changing the order of the capacity of the

system.

3.6.5 Simulation Results

Equation (3.30) and all the following results simply approximate the behavior of
the delaydy. In order to demonstrate if this approximation and the following results are
justified, we have simulated a MANET system with 1000 nodes. Our simulations compare
the behavior of multi-copy packet forwarding strategy with single relay strategy. We used the
BonnMotionsimulator [67], which creates mobility scenarios that can be used to study mobile
ad hoc network characteristics.

In our simulations we implemented the simplified version ofrdmedom waypoint
mobility model(as it resembles theniform mobility mode[5]), where no pause was used
and vy, = Umee = v . Fig. 3.8 shows the results faH00 seconds of simulations for
n = 1000 nodes,v = 0.13 m/s, r, = 0.02 m, and a unit area disk as the simulation area,
which results\ = 0.0052. To obtain a solution close to the steady-state behavior, we run 40
random topologies and averaged them as follows. In each run we choose randomly a node
with K = 2 andK = 4 neighbors, within-,, respectively, and measured the time that each of

theseK nodes reach each of the other K nodes in the disk (i.e., except the sender and its
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other K — 1 neighbors) considering each of them as a destination. The delay of the sender’s
nearest node reaching each destination is by definiti@mdd x is the minimum time among
all the K nodes that reach the destination.

Figs. 3.8(a) and (b) show all pairs of poirits dx ) obtained in this way folX' = 2
and K = 4, respectively. In each graph we plot% degree polynomial fit for all the points
as well as an average obtained by taking the mean of consecutive 90 points. We also plot
the theoretical curve (from Eq. (3.39)) for the steady-state uniform distribution for the same
parameters. We see that the averaged 90-points curve follows the polynomial fit and that they
both accompany the steady-state uniform distribution predicted by theory as they are related
mobility models. Our analysis did not develop exact delay analysis for this new scheme due
to the complicated behavior of probabilities related to multi-copy forwarding; however, as
it can be seen from the simulations, the approximation for delay analysis is consistent with
simulation results. We only observe the asymptotic behavior for the experimental curves up
to 800 seconds, after which the polynomial fit begins to fall and does not represent the actual
asymptotic behavior anymore due to the natural lack of samples for this part of the graph.
Furthermore, the simulation results present a better performance for the first two hundreds
seconds of simulations compared to the theoretical curve. This indicate that one can take
advantage of clustering among nodes, because in the random waypoint mobility model the
nodes tends to be more concentrated at the center of the network area which helps to reduce
delivery delay. Having more nodes close to each other reduces the time a node needs to find

another node if compared to a steady-state uniform distribution of the nodes.
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Figure 3.8 Simulation results for theandom waypoint mobility modelEach gray point is a pair
(d,dr) delay measured for 40 random topologies all plotted togethef!"Adegree polynomial fit
for all the points and a 90 consecutive points average are plotted féf (a)2 and (b)K = 4. The
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theoretical curve for the steady-state unifatistribution is also plotted.
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3.7 Conclusions

We have analyzed delay issues for two packet forwarding strategies, namely, the
single-copy two-phase scheme advocated by Grossglauser and Tse [26], and a multi-copy two-
phase forwarding technique. We found that in both schemes the average delay and variance
scale like®(n) and©(n?) for n total nodes in a mobile wireless ad hoc network. In the
case of multi-copy relayingnultiuser diversityis preserved by allowing one-time relaying of
packets and by delivering only the copy of the packet carried by the node that first reaches
the destination close enough so that it successfully delivers the packet. The handshake phase
with the destination lasts a negligible amount of time and prevents the delivery of multiple
copies of the same packet to the destination. A time-to-live threshold allows the additional
nodes carrying the packet copy already delivered to drop it from their queues as soon as the
lifetime expires. We also show that our technique does not change the order of the magnitude
of the throughput in the MANET compared to the original multiuser diversity scheme by
Grossglauser and Tse [26].

We showed that our multi-copy strategy can reduce the average delay value by more
than69% of that attained in the single-copy strategy for a finite numbef total nodes in
the network. The multi-copy technique also has an advantage of presenting bounded delay for
a finite n, after ensemble averaging with regard to all possible starting uniform distribution
of the nodes in the disk. Theoretical and simulations results were presented. Our theoretical
result does not describe the exact behavior of the delay but rather is an approximation that is
confirmed by simulation results.

Lastly, we have analyzed the interference effects for a large number of naadse
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network. We showed that the signal-to-interference ratio for a receiver node communicating
with a close neighbor tends to a constanhagales to infinity, when the path loss parameter

« is greater than two, regardless of the position of the receiver node in the network. Therefore,
communication is feasible for close neighbors when the number of interferers scale to infinity.
For the receiver nodes at the boundary of the network, we showed that, as expected, they

experience less interference than those inside.
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Chapter 4

Mobllity-Capacity-Delay Trade-off in

Wireless Ad Hoc Networks

In this chapter, we present new network models to show that mobility can also be varied as
a resource together with capacity and delay [40], [42], [44]. The idea is to allow the nodes
to executerestrictedmovements, i.e., each node moves only inside some given area in the
network. By allowing transmissions to closest neighbor nodes only, we overcome interference
from other transmitting nodes. Given that nodes have restrained mobility, the delivery from
source to destination is done across multiple hops obtained by relaying packets along the
path linking the source to the destination. Diggavi et al [16] considered one-dimensional
mobility model in which nodes were allowed to execute movements on circles on a sphere.
They showed that a constant throughput is still feasible; however, they did not present the
corresponding trade-offs associated with mobility, capacity and delay.

Note that restrained mobility patterns have potential practical applications in cases
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in which nodes are not allowed to leave a given region like a room, a hallway, or a prede-
fined region covered by a sensor network, and has to rely on multiple hops (i.e., relays) to
send a packet to farther destinations. Restrained mobility also provides insights on the perfor-
mance of a network covering geo areas that are too vast for a single node to cover. Therefore,
restricted mobility models are important to the study of ad hoc networks.

Section 4.2 presents a restricted mobility model, which weSetleme lin which
the size of the cell is function of the total number of nodda the network, and throughput
and delay are computed and compared with previous work of Gupta and Kumar [28]. Section
4.3 presents another restricted mobility model, which we $alleme 2 In this scheme,
the size of the cell is not function of but it is function of a constant. We compute again
throughput and delay and compare with the results of Grossglauser and Tse [26]. Section 4.4
presents a modification @cheme 2o allow multiple-copy relaying [39] so that the order
of magnitude of the throughput is preserved, but lower delivery delay is attained. Section
4.5 investigates the effect of directional antennas in which packet relaying is done through the
closest neighbor and it verifies that this approach attains better throughput than static networks

employing omnidirectional antennas, without changing the delay behavior.

4.1 Basic Assumptions

The model considered here is that of a wireless ad hoc network with nodes assumed
either fixed or mobile. The network consists of a normalized unit area torus containing
nodes [28], [27], [23].

For the case dixed nodesthe position of nodeis given by.X;. A nodei is capable

53



of transmitting at a given transmission raté@fbits/sec to j if the protocol model condition
for successful transmission is satisfied as given in Eq. (2.1).

For the case ofmobile nodesthe network model follows the assumptions given in
Section 2.2. A successful transmission is governed again by the protocol model, where the

positions of the nodes are time dependent.

4.2 Schemel

We present a restricted mobility scheme that attains a capacity g&lo(n))
compared to the static network model [28]. The throughput still decreases as the number of
nodesn in the network grows to infinity. However, it models cases in which nodes can move
around only a fraction of the geo region covered by the network, and serves as a building block
for the scheme presented in the next section, which attains non-zero asymptotic throughput
capacity in a dense network.

The model we propose is illustrated in Fig. 4.1. The network is a unit torus divided

2 log(n)

n L]

into square cells, each of areén) as in [23], in which they showed that,d{n) >
then each cell has at least one node whp. This condition guarantees connectivity whp [28],
[23].

We now consider the additional assumption that each node has its movement con-
fined to only one cell. This means that a node cannot cross the cell edge and percolate to a
neighbor cell. By doing so, each cell is composed by at least one node whp, and such a node
moves with speed(n), and no preferential direction of movement within the cell. Nodes
move independently of each other, and once they hit the cell boundaries they are bounced
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Figure 4.1: Unit area torus network divided int/a(n) cells, each with size af(n).

back (with relation to the edge normal).

We assume that each node only communicates with another node from an adjacent
cell, and this happens only when the nodes are close enough to each other (i.e., both are
near to the common edge that separates the cells) so that the effect of interference can be
minimized. Thus, a source node relies on relays across several cells to have a packet delivered
to a destination. Each packet travels via multiple relays from source to destination following
the path close to the straight line linking source and destination. Each source-destination pair
is chosen uniformly and independently from different cells. Fig. 4.2 illustrates a packet whose
source and destination nodes are in ce#ladd respectively, separated by an average distance
L. Possible cell paths for this packetdie— j — f —g —c—d},{i —j— f — g —
h—d}{i—-e—f—g—c—d},{i—>e— f—g— h— d}, forexample.

Grossglauser and Tse [27] showed that transmission to the nearest node is possible,
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Figure 4.2 Regionb(n) where communication between nodes from adjacent cells is possible.

even when the number of interferers in the network scale to infinity. This allows a node to
schedule transmission to a neighbor node from an adjacent cell when Eqg. (2.1) is satisfied. In
addition, we assume that both nodes are so close that communication is successful during the
entire time slot (or session). The transmission is half-duplex so that each node uses half of
the communication time slot to transmit at a ratéiofits/sec, and the other half to receive

at the same rate. Thus, the average available bit raf ists/sec. Each time two nodes
communicate with each other, they exchange packets, and these exchanges can be source-
relay, relay-relay, or relay-destination transmissions.

The area in which successful communication can occur is shown in Fig. 4.2. Basi-

cally, itis a semi-circumferendgn) of radius ;f;\% where two nodes from adjacent cells can
come close to each other so that Eq. (2.1) is satisfied, i.e., no other node from the other cells

will be closer to them than themselves. For the case in which more than one node in the same
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cell are simultaneously traveling insiédé:), only one of these nodes is allowed to communi-
cate with a node from the adjacent cell. Accordingly, from Fig. 4.2, the two adjacent nodes in
cellsi andj are able to communicate during the time they simultaneously travel inside their

respective regiongn)’s in their cells as shown. We have that

2
B lﬂ a(n) ~ ma(n)
b =3 <2+2\/§> 24 4+16V2° (41

The probability of finding a node traveling insiéig) is % because the node has
no preferential direction of movement in the cell and tends to move uniformly inside the cell.
In addition, because the nodes have iid movements, the probability that both nodes come to

the communication region simultaneously, denote®Qy,...., equals

e [ G -

Hence P.omm does not depend om

Becausel is the mean distance between two uniformly and independently chosen
source-destination nodes in the network, the average path distance across cells traversed by a
packet from source to destination@g L). Accordingly, each cell hop has an average size of
\/m. Thus, the mean number of hops traversed by a pac%.

According to the definition of throughput, each source genergte$ bits per sec-
ond! and there arex sources in the network. Also, each bit needs to be relaye%%

nodes on the average. Thus, the total average number of bits per second served by the entire

'Here we use the notatiaki(n) (instead of\(n) given in Section 1.1) to indicate that this throughput is related
to restrained mobility models, or nodes using directional antennas.
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network equal (D"(f‘gn). To ensure that all required traffic is carried, we need that

Dol

O(L)nA(n)
a(n)

— c11v/a(n) < A(n) < eiav/a(n). (4.3)

Con T]P)comm > <cion 7Pcomm

We have just proved the following Theorem.

Theorem 1 For Scheme 1 witlau(n) = klogn) andk > 2, to guarantee connectivity, we

n

have

Compared to the capacity result obtained by Gupta and Kumar [28] whidtt is/n log(n)),
the result of Theorem 1 represents a gairbgfog(n)). Thus, we obtain a throughput gain
over the static network model by allowing the nodes to execute a restricted mobility pattern.
Although we have used mobility and multiuser diversity [35] to overcome interfer-
ence (note that Gupta and Kumar [28] could not use multiuser diversity because they con-
sider only fixed nodes), the network still does not scale well with the number of nodes, i.e.,
A1 (n) — 0 whenn goes to infinity. This happens because the number of hops necessary to
reach a destination increases withso that the same packet is retransmitted infinite times as
n grows to infinity, thus wasting the available bandwidth. The model we present in the next
section does not have this problem, and it is indeed a generalization of the results obtained by
Grossglauser and Tse [27].
The average delay incurred by a packet to reach the destinatiechieme 1s the

sum of the average time a packet spends in each hopping cell in the path to its destination. A
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node travels around the cell boundary on average eyentime-slots that is proportional to

Hn) o D5 Feomm 4y :e( “(”)>, (4.4)

v(n) v(n)

whereAS = O(y/a(n)) is the average distance in one-round trip inside a cell. Note also that
the total number of hops B8(L/+/a(n)), and that the speed of each nade) must decrease
with 1/,/n. Combining all this information, the average deldy; j in Scheme 1s

Di(n) = (#of hopg - t(n) = © <v(1n)> = 0(vn). (4.5)

This delay is larger than that obtained by Gupta and Kumar [28], which was shown
to beo(1//a(n)) = ©(y/n/log(n)) [23]. Thisis a direct consequence of the throughput-delay

trade-off property [23]The capacity improvement is obtained at the cost of increase in delay.

4.3 Scheme 2

In the previous section we saw that, by having an infinite number of relays (or hops),
the capacity of the network decreases as the number of nodes increases. Here, we show that,
by having a finite number of relays and using local transmission to overcome interference, we
can attain constant throughputasncreases, but we can also trade-off the number of hops
with capacity and delay, i.e., we can exchange mobility with capacity and delay, which is a
generalization of the results by Grossglauser and Tse [27].

Fig. 4.3 shows the network and its cells. Now the network area is divided into
square cells and is a network design parameter that does not depend. oklence, each
cell has area of sizé. Again, we assume that thenodes are uniformly distributed over the

entire network, but each node is restricted to move only inside of its cell (one otcHiks).
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Figure 4.3 Unit area torus network divided infccells, each with size area ¢t

Among the total number of nodes a fraction of thempng, are randomly chosen as senders,
while the remaining nodes,, function like possible receiving nodes [27]. A sender density
parametef is defined asis = On, whered € (0,1), andnr = (1 — 6)n. Each node can be a
source for one session and a destination for another session. Nodes travel with vélogity

have no preferential direction of movements, move independently of each other, and once
they hit cell boundaries they bounce back with relation to the edge normal. Here, we consider
that each node can communicate with its closest neighbor within the transmission-gange
whether this neighbor is inside its own cell or from an adjacent cell (when it is traveling around
the cell boundary). For a uniform distribution of the nodes,= 1/v/@xn (for example,

see Section 3.3). Thus, communication takes place every time nodes come close enough so
that transmission is successful. Moreover, communication between two nodes from the same

cell can only be a source-destination, or a relay-destination packet exchange. A relay-relay
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communication only happens between nodes from different neighboring cells.

A source-destination pair is uniformly chosen amongithdes, so that the desti-
nation does not have to be necessarily in the same cell as its source. Thus, again, a packet may
traverse relays to reach its destination. We assume that, once a packet is relayed to a cell, it is
not relayed again for another node in the same cell. Instead, the node keeps the packet in its
gueue until it reaches the neighborhood of an adjacent cell in the path toward the destination,
so that it forwards the packet to the closest receiver node in the neighboring cell. In this model
there is no fixed communication region as in the previous model. Once the node moves close
enough around the cell boundary and there is a neighbor receiver node from the adjacent cell
moving within the transmission rangs, then it relays the packet to this neighbor if there is
a packet to forward in that direction. Thus, it can be either a source-relay, or relay-relay, or
relay-destination transmission. The communication is simplex, so that each sender node uses
the entire communication time slot to transmit at ridfebits/sec.

Furthermore, because the nodes move independently of each other, once the network
is in steady-state, each node in a cell will come closer to another node in that cell at some point
in time so that they can exchange packets. This same idea applies to neighbor nodes: because
nodes move independently of one another, two nodes from adjacent cells will come close
to each other, around the boundary which separates their cells, at some point in time, such
that they can exchange packets. Therefore, in steady-state, the traffic of each node will be
uniformly distributed among neighbors in the same cell, as well as among neighbors from

each adjacent cell. Accordingly, for the network in steady-state, we have

e Each node has a packet for another node in the same cell.
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e Each node has a packet for another node in each of its neighbor cells whose communi-

cation is possible.

In addition, for a finite and a sufficiently large, connectivity is guaranteed #f >
“OTg(") (i.e., the cell size is greater th@nog(n)/n), and because of the uniform distribution
of the nodes, each cell contaifg’) nodes. Because — oo, [ can be chosen to be any
positive integer to satisfy the connectivity criterion.

As before,L is the mean distance between a source and destination, uniformly and
independently chosen in the network. Thus, the average path length across cells followed by
a packet i<9(L). Given that each cell hop has an average size/efl, the average number
of hops traversed by a packet until it reaches its destinati%&?ls

According to the definition of throughput, each source genergte$ bits per sec-
ond, withng being sources in the network. Because each bit needs to be relayed on the average
by 9@ nodes, the total average number of bits per second served by the entire network equals

1/V1

w. Hence, to ensure that all required traffic is carried, we need that

©(L)nsA(n)
1/V1

This proves the following Theorem.

C
<euns W = 2 < A(n) <

7 (4.6)

cizng W <

ci6
i

Theorem 2 For Scheme 2, for finittand sufficiently large:, we have

Theorem 2 is a generalization of the results by Grossglauser and Tse [27], given that

we have divided the network infcequal cells. If we set= 1, Theorem Il1.5 in [27] follows.
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Because no node is allowed to move through the entire network, a packet stored in
the relay queue of a node has to follow a path of cells in the direction of the destination. There-
fore, we should expect a smaller delay than that obtained in the scheme by Grossglauser and
Tse [27]. The average delayp() in Scheme 25 given by the time the packet spends hopping
until it reaches the destination cell, plus the amount of time the last relay in the destination
cell needs to reach the destination node. The latéx(i§ ), because we hav@ (%) nodes in
each cell [23], [60]. The former is given by the number of hops traversed multiplied by the
average time spent per hop (i.e., (# of hppgn)), which is© {% (ﬁ %)] = O(y/n).

Thus,

Dy(n) = delay during hoppingt delay in destination cell

- o+

%

(C] (%) (for n large) 4.7)

because the terrfi dominates,/n, for a sufficiently large value of (and! << /n). Com-
paring Dy (n) to the delay attained in the scheme by Grossglauser and Tse [27], whose delay
was shown to b®(n) [50], [23], we conclude that, as we expected, the deldydheme 25
smaller by a factor of.

From Theorem 2, Eq. (4.7), and comparing with [27], we conclude that we can
trade-off mobility as a resource with capacity and delay. By restraining the nodes to move
inside cells of size are?, the©(1) throughput obtained in [27] is reduced by a factordf
while the delivery delay is decreased by a factof.oThus,Scheme 2s a generalization of

the network model by Grossglauser and Tse [27].
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The next section presents a modified versiorBoheme 2hat allows more than
one copy of a packet to be forwarded at the destination cell, such that lower delivery delay is

possible.

4.4 Scheme 2 with Multi-Copy Relaying at Destination Cell

We now use the improved packet forwarding strategy described in Chapter 3 for
mobile ad hoc networks that attains tB€1) capacity of the basic scheme by Grossglauser
and Tse [27], but provides lower delay.

We maintain all assumptions froBcheme 2but change the last relaying phase in
which a node (a sender or relay) from an adjacent cell has to forward a packet to the destination
cell. Hence, once a relay node reaches the boundary of the destination cell, it at once forwards
copies of the packet to multiple one-time relay nodes located at the destination cell that are
within its transmission range,. By doing so, the time within which a copy of the packet
reaches its destination can be decreased in that cell. The first one-time relay node that reaches
the destination close enough delivers the packet.

In Scheme 2a relay approaching the destination cell transmits to its nearest receiver
neighbor in the destination cell, so that the interference caused by other nodes is low, allowing
reliable communication. However, it may be the case that the relay can have more than one
receiver neighbor node from the destination cell in the transmission range, and we can take
advantage of that. We allow those additional receiving neighbor nodes to also have a copy of
the packet. Hence, instead of only one cofiycopies will follow different random routes
in the destination cell and can find the destination node earlier compai®chtme 2 In
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addition, as in Chapter 3, packets are assumed to have header information for scheduling and
identification purposes, and a time-to-live (TTL) threshold field as well. We assume that,
before any packet is transmitted between nodes, a handshake takes place at the beginning of
the time slot, such that no relay transmits a packet that a destination has already received. In
this way we enforce only one-copy delivery. Also, after the TTL expires, the packet is dropped
from the additional relaying nodes queues which did not deliver the copy of the packet.

Therefore, assuming th& copies of the same packet were successfully received
by adjacent nodes in the destination cell, the maximum delay in the destination cell is approx-
imated byd2** ~ % log % (see also Eq. (3.32)), whekeis computed considering the area
of the destination cell.

As in Scheme 2the total delivery delay for a packet, measured from the source to
the destination, is divided in two parts: the time the packet spends to reach the destination
cell, plus the time the relay in the destination cell expends to reach the destination node. The
former was shown to b®(,/n), and for a fixedr this delay is finite. However, as discussed
above, the latter can last indefinitely if only one copy is looking for the destination. Hence, by

forwarding K-copies in the destination cell, the total delivery delay is approximated by
Dy, =~ O(y/n) + di*". (4.8)

Thus, a delay of hours in single-copy forwarding to the destination cell can be reduced to a few
minutes or even a few seconds for multi-copy relaying, depending on the network parameters.

We have shown in Chapter 3 that the throughput per source-destination pair for
the multi-copy relaying approach remains@tl) [27]. Thus, by multi-copy forwarding at

the destination cell in the modified version ®heme 2we do not change the order of the
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capacity. Hence, Theorem 2 still holds here.

4.5 Fixed Nodes with Directional Antennas

In this section, we present a model where nodes are static, but endowed with direc-
tional antennas. Previous work [70], [55] has considered capacity analysis for static networks
using directional antennas, where they showed that no scheme using directed beams can cir-
cumvent the constriction on capacity in dense networks. In our study, we present a slightly
different modeling approach compared to these previous directional antenna analysis. We con-
strain communication to occur only between closest neighbors by using very narrow beams.
The network model is shown in Fig. 4.4. A source-destination pair of nodes is randomly
chosen so that we want to send a packet fromcctl cell ¢, for example, relying on multiple
relays (or hops) using directional antenna transmission along close neighbors in the path to the
destination. The nodes are deployed uniformly in the network area torus.geheme Jlthe
network is divided inl /a(n) cells, each with an are&n). We assume(n) > 2 log(n)/n,
so that each cell has at least one node whp [23]. In each cell a node is chosen to relay the
traffic of the cell. Fig. 4.4 shows a source node in eethat has destination at a node in
cell t separated by a distande Accordingly, the cell path along the closest neighbors is
{a—=f—=9g—h—m—n—o—t}

We want to obtain the average throughput for a source-destination pair uniformly
chosen among alt nodes, as well as the delay behavior. The relay transmissions are sched-
uled at regular time intervals so that each node is assigned a time slot to transmit successfully
to its closest neighbor in the path to the chosen destination. This is a time schedule constraint
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Figure 4.4 Unit area torus network divided intt/a(n) cells each with size area afn). Transmis-
sions are employed using bi-directional antennas, with very narrow beams, between closest neighbors
from adjacent cells along the path to destination.

because a node can only point its antenna to a close neighbor at consecutive time intervals. For
the example shown in Fig. 4.4, each node has eight neighbors, given that we assume a torus
net, so that it can communicate to each of them at regular eight slot time interval respectively,
i.e., a time division multiple access (TDMA) with bi-directional beam transmission. Each
time two nodes point their antennas toward each other, they exchange packets, so that each
of these exchanges can involve either source-relay, relay-relay, or relay-destination transmis-
sions. Interference is overcome by the use of directional beams to the nearest neighbor, so
that Eq. (2.1) is satisfied. Again we assume that the transmissions are half duplex, i.e., the
communication time slot is divided in two equal parts. Each node transriit atts/sec.

Hence, the average available bit ratéig2 bits/sec.

Given thatL is the mean distance between a uniformly and independently chosen
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source-destination pair in the network, the average path distance across cells traversed by a
packet is©(L). Accordingly, each cell hop has average siz (n). Thus, the mean
number of hops traversed by a packet until it reaches its destinat%.

According to the definition of throughput, each source genergtes$ bits per sec-
ond. Given that each bit needs to be relayed on the avera%% nodes, the total average

number of bits per second served by the entire network ed (Agn). To ensure that all

required traffic is carried, we need that

O(L)nA(n)

Va(n)

whereAt = % which comes from the TDMA transmission schedule appréathus,

cl7n¥At < < clgngAt, (4.9)

ci9v/a(n) < A(n) < coov/a(n). (4.10)
This proves the following Theorem.

Theorem 3 For a given node using directional antenna transmission to closest neighbor
. . . Kk log(n) L.
along the path to destination, witl{n) = —, for £ > 2, to guarantee connectivity,

we have

This result represents a better bound on throughput capacity than what Gupta and Kumar [28]
obtained which wa®(1//n log(n)), and the results by Yi et al [70]. Indeed, it is a gain of

©(log(n)) and is similar to Peraki and Servetto’s results [55] obtained for a single directed

20ther diversity scheme could be assumed as well.
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beam, where they use a different approach applying networking flow analysis to calculate
the network transport capacity (i.e., maximum stable throughput). This is the same capacity
scalability obtained foBcheme 1We see that capacity is still constrained in dense networks.
This is due to the wasting of the available bandwidth to forward the same packet over multiple
hops by an amount of time that scales with

The average delay incurred by a packet to reach the destination is the sum of the
average time a packet spends hopping along the path to its destination. The total number of
hops to reach destination &(Z/\/a(n)). Accordingly, the delay using directional antenna

transmission to nearest neighbor is given by

1 n
Dp(n)=(# of hop$At:®<a(n)> :@(1 /log(n))' (4.11)

Compared to Eq. (4.5) this represents a delay reductiod(of/log(n)). Thus, the use
of directional antenna with fixed nodes offers a smaller delay on average than the restricted
mobility case, while attaining the same throughput scalabilit3aseme 1

Therefore, employing directional antenna transmissions between closest nodes along
the path to a destination is equivalent, in terms of throughput performance, to nodes executing

restricted mobility as irscheme Jwhile providing a smaller packet delivery delay.

4.6 Performance Comparisons

To obtain a benchmark of throughput and delay for wireless ad hoc networks, we
compare in Table 4.1 the schemes studied with the previous works by Gupta and Kumar [28],

and Grossglauser and Tse [27]. The results suggest that using mobility or enhanced physical
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Table 4.1 Throughput gain and delay increase obtained from comparing previous works [28], [27]
with restricted mobility schemes and directional antenna transmission.

Schemes comparisons Throughput gain Delay increase
%r log(n) log(n)
Gros;g:]aguns]irz& Tse Vi ;
PETREamE s
Dlrecﬁl(i)hn%rlnaen%enna none log(n)

layer properties (directional antennas in this case) can improve throughput or delay. This
finding leaded us to modify the physical layer properties of wireless ad hoc networks, as

described in the next chapter, in order to improve further the performance of such networks.

4.7 Conclusions

We have analyzed four schemes for ad hoc wireless networks. The first three
schemes considered nodes with restricted mobility. The nodes have restrained mobility area
that can be either a function af or independent of. We show that on all these cases we can
trade-off the mobility resource with capacity and delay. In the first scheme the capacity does
not scale well, while in the second scheme the throughput has non-zero asymptotic behavior
in dense networks, and it is shown to be a generalization of the Grossglauser and Tse [27] re-
sults. The third scheme is a modified version of the second, in which we allow multiple packet
copies to be forwarded to the destination cell so that we attain a better delay performance.
The fourth scheme studied was that of a static ad hoc network using directional antennas with

transmission restricted to closest neighbors in the path along destination. We showed that the
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capacity still decreases with having the same scalability law as that obtained in the first
scheme of restricted mobility, however presenting a smaller delay. Therefore, the directional
antenna scheme provides better throughput performance than static networks employing om-
nidirectional antennas, and presents smaller delay than in restricted mobility. Furthermore, by
changing the physical layer properties for the nodes (restricted mobility or directional anten-

nas, for example) we can improve the performance of wireless ad hoc networks.

71



Chapter 5

Principles of Opportunistic
Cooperation: A New Approach for

Scalable Mobile Ad Hoc Networks

The protocol stacks of wireless ad hoc networks implemented or proposed to date have been
designed to try t@avoid interference and to support the communication among senders and
receivers that areompetingwith one another for the use of the shared bandwidth. This
“competition-driven” view of bandwidth sharing has had profound implications on network
architectures and methods used to access the channel and disseminate information. For ex-
ample, because all transmissions compete with one another, medium access control (MAC)
protocols attempt to avoid or react to “collisions” of packets, given that a receiver can de-
code a single transmission at a time, and a single copy of a data packet is forwarded at each

relay from source to destination, because additional copies would increase the destructive-

72



interference effect. Gupta and Kumar [28] showed that, in a wireless connected network with
static nodes, the throughput and delay for each node degrade as the number of nodes increases
under the competition-driven view of networking (see Section 2.1).

Grossglauser and Tse approach [26] and many subsequent studies focus on how
to make MANETS scale by taking advantage of mobility [26], [23], [66], [5], and consider
each transmission as competing with all the other concurrent transmissions in the network.
However, these results do indicate that, because a relay cooperates with a source by storing
the source’s packet until it is close enough to the intended destination, the throughput of
MANETS can be increased (see Section 2.2).

More recently, Toumpis and Goldsmith [65] have shown that the capacity regions
for ad hoc networks are significantly increased when multiple access schemes are combined
with spatial reuse (i.e., multiple simultaneous transmissions), multihop routing (i.e., packet
relaying), and successive interference cancellation (SI@yen without performing power
control. Furthermore, SIC circuits with simple implementation and low complexity have been
introduced [54], and code division multiple access (CDMA) [31] and global positioning sys-
tem (GPS) [53] technologies have been already integrated into a single IC chip [1]. Xie and
Kumar [68], proved that, for nodes on a line and under low attenuation channel condition,
the network transport capacity can scale super-linearly@ke") for n < 2 when nodes
cooperate in coherent multistage relaying with interference subtraction mode (CRIS).

From the above results, and motivated by the findings of the previous chapter where

we observed that by changing the physical layer properties of the nodes we can improve

1SIC is a demodulation technique that decodes the information of interest. SIC first utilizes channel estimates
to cancel received interference from the received signal in a successive order. In other words, the front end is a
conventional receiver, and signal processing is used at the back end to clean up the signal iteratively [54], [3].
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the performance of wireless networks, it appears that a cooperative approach to bandwidth
sharing is not only desirable for attaining more scalable MANETS, but feasible in practice.
In this chapter, we present the first integrated approach to cooperative bandwidth sharing in
MANETs and propose what we calpportunistic cooperationThe term “opportunistic” is

used here to indicate the fact that the number of nodes cooperating with one another in a cell
at each communication session is a random variable.

Our earlier work (Chapter 3) describes a setting for one-to-many communication. In
this scenario, a node relays its packet to multiple relay nodes that are close, allowing them to
cooperate to search for the destination. In this scheme, however, all the transmitting nodes in
each communication session compete with each other to transmit their packets (see Fig. 5.1).
Ghez et al [24] and Tong et al [64] explain a framework for many-to-one communication. In
this context, multiple nodes cooperate to transmit their packets simultaneously to a single node
using CDMA and the receiver node utilizes multiuser detection to decode multiple packets.
Under this condition, two groups of multiple transmitting nodes that are close to each other
have to compete with one another to transmit their packets to their respective receivers. Similar
to the previous scheme, the adjacent transmitting nodes compete with each other to access
the channel. Opportunistic cooperation is a vision for multiple concurrent communication
settings (i.e., a many-to-many framework). With opportunistic cooperation, nodes access the
available channel(s) and forward information across a MANET in such a way that concurrent
transmissions become useful at destinations or relays. Our cell size limits the number of
nodes in each cell, on average, evemas> oo, making it feasible to decode the dominant

interference using multiuser detection. Hence, sender-receiver pairs collaborate, rather than
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compete, and the adjacent transmitting nodes with strong interference to each other are no
longer an impediment to scaling laws but rather acceptable communication sources by all
receiving nodes for detection and relaying purposes. Clearly, a consequence of such a strategy

is an increase in the receiver complexity of all the nodes in the network.

‘ Source 1 Source 2
/i f
¥

interference
fi

Destination 2 ‘ Q Destination 1

Figure 5.1 Interference due to transmission at same frequgncyauses collision and prevents packet
delivery.

The two main questions that we address in this and the following two chapters are

as follows.

e What cross-layer protocol mechanisms are suitable to attain opportunistic cooperation

in MANETSs?

e What are the fundamental performance limits of a MANET with opportunistic cooper-

ation?
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5.1 Network Model

Thedecodable receiver ranger simply receiver rangé)of a node is defined as the
radius, measured from the node, which contains all other nodes of the same ceallutbe
associated with a given node is the set of cells reached by the receiver range of that node.

Our assumptions are consistent with prior work (see Chapter 2). The modeling
problem we address is that of a MANET in whighmobile nodes move in a square area. The
size of the area will be considered in two distinct cases in the following two chapters. We will
first assume a unit (fixed) area and a size area that grow with the total number ofrmodes
We consider that communication occurs only among those nodes that are close enough (i.e.,
in the same cell), so that interference caused by nodes farther away is low, allowing reliable
communication. In other words, the receiver chooses the closest nodes because they present
the best channel due to the assumption of the simple path propagation model (i.e., the receiver
takes advantage of multiuser diversity [35]). Our model resembles the one introduced by
Grossglauser and Tse [26], who consider a packet to be delivered from source to destination
via one-time relaying.

Each node simultaneously transmits and receives data during a communication time
period, through different frequency bands, since each data link is assumed half-duplex. This
period of communication is called @mmunication sessionFurthermore, each session is
divided into two parts. A neighbor discovery protocol is used by nodes during the first part

to obtain their neighbors information (e.g., node identifier (ID)), and the transmission of data

2We adoptreceiver rangefor a node because it is used here to distinguish constructive interference from
destructive one (as described later), in contrast to the common asssimission rangas in [28].
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is performed during the second part. Each node has a unique ID that does not change with
time, and each node can simultaneously be a source (or relay) while transmitting and a desti-
nation (or relay) while receiving, during a session. Each source node picks a single arbitrary

destination to whom it sends packets and this association does not change with time.

5.2 Opportunistic Cooperation

In a competition-driven paradigm for MANETs, when two nodes become close
enough to each other, they can transmit information to one another without any delay. With
opportunistic cooperation, many nodes transmit concurrently to many other nodes that are
close enough, and all such transmissions are decoded. Hence, a node may concurrently send
to and receive from multiple nodes. Because full-duplex data communication in the same
frequency band is not practical, we propose in the next two chapters two different approaches
of how opportunistic cooperation can be implemented. FDMA is used in both cases to al-
low simultaneous transmissions among close nodes as shown in Fig. 5.2. In the example
illustrated, the nodes transmit packets concurrently to each other using different frequency
bands. The nodes travel and eventually find the destination for a relayed packet (for example,
nodes 4 and 5). The delivery is done similarly, where we assume in Fig. 5.2 that relays 4
and 5 approach simultaneously the destination nodes and deliver the relayed packets using
FDMA. Beyond FDMA, the nodes are assumed to employ multiuser detection to decode the
simultaneous transmissions. For example, Chapters 6 and 7 describes the multiuser detec-
tion implementation with CDMA-SIC and multiple-input multiple-output (MIMO) systems
respectively.
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Figure 5.2 Opportunistic Cooperation: nodes transmit simultaneously to different neighbors using
distinct frequencies. The nodes use multi-user detection to separate the signals from different senders.

5.2.1 Control and Data Channels

In our specific implementation of opportunistic cooperation, we use two types of
channelsControl channelsare used by nodes to obtain such information as the IDs of strong
interference sources and the state of data channels (by virtue of training sequences). Nodes
employ conventional digital transceivers [58] for the control chann8lata channelsare
used to transmit data taking advantage of multiuser detection at the receivers. Thus, there are
two separate transmitter (receiver) circuits in each node. One circuit is intended to transmit
(receive) control packets, and the other is used to transmit (receive) data packets. Both circuits

operate at different times and frequencies with respect to each other.
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5.2.2 Channel Access

Access to the channel is controlled by the signaling that takes place over the control
channels assigned to cells. Such signaling occurs simultaneously in all cells, without suffering
high interference from each other, because of the different frequency assignment and safe
guard-zone separation, as explained in Section 6.2.

The signaling among the nodes in the same cell must be one-to-many and cannot
assume knowledge of who the nodes in a cell are, because nodes are mobile. Each node needs
to inform the other nodes in its present cell about its presence, plus other control information.
We use a very simple approach that allow nodes to convey such control information with a

high probability of success, even when the number of nodes in the network is large.

communication
- sessions
P ‘V N
time
- tdisc tdata
1 i °IN
TI_'

control packets data packet

Figure 5.3 Time series representation of control and data packgts. is the neighbor discovery
period.t4q:, is the time period for transmission of datg;s. plust .+, form a communication session.

As illustrated in Fig. 5.3, access to the channel is divided in time into a discovery
phase and a data-transmission phase. The time period of “neighbor discaygey’and the

time period for transmission of datg,{;,) are constant and independent of the number of
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nodes ) in the network. Together, they compose a “communication session.” The common
time reference for communication sessions is assumed to be obtained through GPS for sim-
plicity. The values oft 4. andtg.., are system-design parametets;,. is subdivided into
multiple slots, each of length. Hence,T = “‘T whereN is a positive integer number to
calculate according to some given criterion as explained later. For practical considerations,
the overhead incurred by, must be small compared tQ.;,. Each control packet con-

veys, as a minimum, the node ID, a short training sequence and the expected packet sequence
numbers (SNs), while a data packet bears long sequences of bits. Therefore, we assume that
taise << tqata- The control frequency banflw (see Section 6.2.1) must be a functiomdh

order to have 4. not depending om. Consequently, when increasesAw also increases

(see Section 6.4.3), such tha},. remains constant.

Because each node senses the channel to detect collision while transmitting in the
control channel, the nodes involved in a collision do not participate in that session anymore,
i.e., they remain silent until the next session. In addition, due to practical limitations of CDMA
or MIMO systems (e.g., hardware complexity, maximum number of receive antennas, power
consumption constraint, costs, etc.), only a small number of nodes can communicate per cell.
Let A be the maximum number of nodes allowed to communicate per cell. Hence, only the
first A nodes that successfully announced their control packets during the neighbor discovery
phase transmit (or receive) data during;, right aftert ;. for that session. Given that this
access is random and independent from the node ID, no privilege is given to a node with high
ID value. As described in the following chapters, the IDs are used only to order the code and

frequency assignments in each cell.
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Each time the discovery period is about to begin, each node randomly chooses one
of the N mini-slots and transmits its control packet. If there is no collision, i.e., if the other
nodes in the same cell choose different mini-slots to transmit, then all the other nodes in the
cell will receive this packet. A collision happens every time two or more nodes in the same
cell choose to transmit in the same mini-slot. Btbe the number of nodes in the same cell
choosing mini-slot to transmit their control packets. L&, be the maximum number of

nodes in any cell. The probability of collisidh. is given by

1 (7 ' '
Po=P{ziz2y=1- |3 | " |[(H) (1-E)me
=0 i
=1 () B - ) (5.1)

The criterion used to choosE is as follows. We calculat&/ such that there is no collision

with probability approaching asn — oo, for example, with probability> 1 — %.

FromEq. (5.1)P. <1— (1 — %)Zm”. Accordingly, we choose

chl_(l_%)zmaz<w

= log(n)
— N > 1 T = Nmina (52)
1 (1_ log(log(n)) ) Zmaz
log(n)

in which [z] stands for the ceil function (i.e., the smallest integer greater than or equigl to

andN,,;, is the actual value to be implemented fér Thus, we have
T = e, (5.3)

Note thatZ,,.. is function of the network model. In the next two chapters we

compute it for two different models.

81



Although Z,,,... is the maximum number of nodes in any cell whp, as explained
before, at mos# nodes in any cell are allowed to communicate dutipg,. However,Z,,.q.
grows very slowly withn as we show later. Thus, for example, by choosing small valued for
for practical values of network parameters, we show in the following chapters that the fraction

of cells having more thasl nodes can be bounded by a small constant for large values of

5.2.3 Packet Forwarding

Data packet forwarding is composed of two phases (see Figs. 2.1 and 3.1): The
packet is transmitted from the source to possibly several relay nodes drinee 1(i.e.
multi-copies can be relayed), and it is delivered later to its destination by only one of the relay
nodes durindPhase 2 As discussed in Chapter 3, these multiple one-time relays for the same
packet provide better delay performance since the copies of the same packet follow different
random routes, looking for the destination, reducing delay.

For the multi-copy technique to work properly, the one-copy delivery of each data
packet must be enforced (see Chapter 3). For example, each data packet is assigned a destina-
tion identifier (DEST) and a sequence number (SN) in the header field. In each session, during
the neighbor discovery phase, each node announces in the control channel its own identifier
(ID). Furthermore, given that a node may be engaged with multiple sources as a destination,
each node also includes in the control packet a table with the SNs expected from the sources
with which it is associated. Accordingly, each node delivers a packet it holds to a destination
only if it has the packet intended for the destination and its SN is greater than or equal to the

SN announced by the destination. Nodes can discard those packets having SNs smaller than
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those announced by their destinations. If there is no destination around a node, it relays a new
packet to all its neighbors. Each node compares the DEST of the received packet with the IDs
of the other same cell nodes and drops the packet in case of match to avoid keeping a packet
that has already been delivered to its destination. In addition, it is obvious that there is no need

touse TTL here.

5.3 Conclusions

In this chapter we have introduced the principles of opportunistic cooperation. We
proposed a new approach for scalable mobile ad hoc networks where communication among
nodes is many-to-many as opposed to the traditional one-to-one. The basic idea is to allow
multiple simultaneous nodes to communicate to each other using distinct frequency band-
widths where receiver nodes employ multiuser detection. The next two chapters specifically

describe two possible approaches to implement opportunistic cooperation.
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Chapter 6

Opportunistic Cooperation with

CDMA-SIC

In this chapter, we present and analyze opportunistic cooperation based on a hybrid FDMA/CDMA-
SIC scheme for mobile ad hoc networks [45], [46].

First, the model that we adopt to analyze the capacity of wireless networks and
MANETSs is summarized. This is the same basic network model that has been used recently
by several other researchers [28], [23], [26], [66], [5], [39], [51]. The elements of opportunistic
cooperation in the context of our model are described. These elements consists of: (a) allocat-
ing the available bandwidth to facilitate the task of SIC receivers by reducing non-cooperative
(destructive) interference around receivers, (b) acquiring knowledge about the sources with
which a given receiver and sender should cooperate, (c) scheduling transmissions based on the
allocation of bandwidth and knowledge of the “neighborhood,” and (d) forwarding multiple

copies of each packet to improve reliability and to reduce delay by exploiting SIC receivers.
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Section 6.3 introduces the interference analysis for opportunistic cooperation, and
presents the data transceiver structure for each node.

Section 6.4 presents the calculation of the link’s Shannon capacity, the per source-
destination throughput, and the bandwidth scalability for opportunistic cooperation. We show
that, by utilizing mobility [26], multiuser diversity [35], SIC, cognitidnand bandwidth
expansion, the link's Shannon capacity and the per source-destination throughput attain an
upper-bound of)(n2) and a lower-bound of)[f(n)], wherel < f(n) < nz, for n total
nodes in the network, and a path loss parameter2. The capacity improvement obtained is
consistent with the predictions made by Xie and Kumar [68] and Toumpis and Goldsmith [65].

Besides bandwidth expansion, one main reason why the above performance im-
provement can be attained with opportunistic cooperation is the ability of nodes to concur-
rently transmit their packets to one another cooperatively over non-overlapping frequency
bands. Although CDMA and SIC have been studied in the past [59], [48], [32], prior ap-
proaches have assumed that each transmission competes with others. Similarly, prior schemes
that combine different forms of channel division (e.g., frequency division multiple access
(FDMA) and CDMA [18], or CDMA with space division [7]) do not consider the use of SIC
and assume that transmissions compete with one another.

Section 6.5 addresses the delay performance associated with opportunistic coop-
eration. Section 6.6.1 corroborates our capacity analysis by applying the same CDMA-SIC
feature we propose for MANETS to static networks. The per source-destination throughput

is shown to have a lower-bound similar to the result obtained by Negi and Rajeswaran [51].

!i.e., allowing a node to know where it is and who the nodes in the same cell are.
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However, our scheme produces a reduced bandwidth expansion, which is expected given that
we use SIC at the receivers in our scheme. Section 6.6.2 describes a comparison with mobile
networks [26], [39] in terms of the fraction of cells that forward the packets. We show that
opportunistic cooperation improves the throughput by a constant factor compared to the re-
sults in [26] and [39] under similar bandwidth expansion. Section 6.7 concludes the chapter

summarizing its main ideas.

6.1 Network Model

The network model is the same as presented in Section 2.2, except that the unit area

is assumed to have a square shape.

6.2 Attaining Opportunistic Cooperation Using CDMA

We present a simple example of how opportunistic cooperation can be implemented
with a hybrid scheme based on FDMA and CDMAhat supports many-to-many commu-
nication. Therefore, to take advantage of SIC circuits at receivers, we use direct sequence
CDMA (DS-CDMA) [31] with non-overlapping frequency bands (i.e., FDMA/CDMA), in
which distinct pseudo-noise (PN) sequences (or codes) are assigned to different nodes in the
same region of the network.

The FDMA/CDMA-SIC scheme works by implementingntrolanddatachannels.

To simplify our analysis, we assume that cells have square shapes, which leads to the network

2Note that a hybrid FDMA/CDMA is one example to implement opportunistic cooperation. Other multiple
access schemes based on MIMO systems can be also utilized which will be discussed in the next chapter.
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structure illustrated in Fig. 6.1. Every cell has an area equahtp = -

= gn»inwhichg € (0, 1)

is the cell area parameter of the network.

10 | 1 2 7 8 9 | 10 1 2 7
3 4 5 6 | 11 | 12| 3 4 5 6
1
7 8 9 | 10 1§ 2.4\7 8 9 | 10
I ,v‘/ .5 \\
6 |11 12| 3 47| &a.//6 [i11:12] 3
10 | 1 2 7 8y 9 |10 /1 2 7
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1

Figure 6.1 Cells numbering in the unit square network(n) = -L- is the cell area. Each cell is
associated to a control frequency bandwidsth {0 w12) and to a PN sequence sét o £;1-).

6.2.1 Control Channels

Each cellis allocated a control frequency band from twelve non-overlapping control
frequency bands required (and availablg)to w12, to enable frequency reuse while avoiding
interference in the control channels from nearby cells (see Fig. 6.1). Each control frequency
bandw; has a size ofw;| = Aw fori = 1, ..., 12 (see Fig. 6.2). Hence, the total bandwidth
required for the control channelsdsvs = 12Aw.

The maximum number of cells in a cluster associated to a given node is twelve. The
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Figure 6.2 Data and control channels spectra for the network.

number of cells and the cluster shape are chosen such that if the receiver range has maximum

value, (i.e., almost/2a(n)), then the receiver range reaches all these cells. Accordingly, two

cells employing the same control frequency band are kept at{¢astn) units away from

each other (a safe guard-zone separation), thus guaranteeing an asymptotic constant non-zero

signal-to-noise and interference ratio (SNIR) @as— oo [39] in the control channel, and

making local communication feasible and allowing control frequency reuse.

To simplify the control signaling required among nodes to determine which control

channel a given node should use, each node is assumed to:

e Know its own position (but not the position of any other node) by utilizing a GPS

circuit [53] or some other technique.

e Store a geographical map of the cells in the network with the associated control fre-

guencies and data codes (as illustrated in Fig. 6.1).
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The GPS receiver is assumed to be used to provide an accurate common time refer-
ence to keep all nodes synchronized.

Each node has twelve receiver circuits (called control channel receivers) to listen to
the control channel of the cell as well as to the other eleven control channels. Therefore, one
control receiver circuit is used to transmit or receive in the control channel where the node is
currently located, while the other eleven control circuits are used to receive (listen) the control
channels of the neighbor cells. This permits the nodes to obtain the IDs of the other nodes
in its cell and the node IDs from the cluster it perceives, while not transmitting during the
neighbor discovery phase.

We assume that, while transmitting in the control channel of the cell, any node
simultaneously uses its control channel receiver circuit to sense the cell control channel (e.g.,
using echo cancelling techniques [8], [69]) in order to detect collisions during its transmission

in the neighbor discovery phase.

6.2.2 Data Channels

Due to practical limitations of CDMA systems, the number of PN sequences (or
codes) available for communication is finite. To allow code reuse in the data channels of
the network while reducing the negative effects of interference, each cell is allocated a set of
PN sequences from the twelve different code sets availabl®, £12, for communication in
each data channel. Because a PN sequence can be associated with a sequence of bits [31],
they can be ordered and grouped as follogis= {C1,...,Ca}, &2 = {Cat1, ..., Coa}, ...y

&12 ={Ci14+1, ..., C124}, in which C; stands for thé!” PN sequence. Therefore A is the
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maximum number of codes used. In this way, any set of twelve cells, numbered from 1 to 12
according to Fig. 6.1, has a different set of codes.

A simple way to reduce the effects of interference at the receivers is to partition the
available data bandwidth into orthogonal channels. Accordingly, each non-overlapping data
channel is a half-duplex link of bandwidthi¥ (see Fig. 6.2). Sincél is the maximum num-
ber of nodes allowed to communicate in any cell, tddivp, = AAW is the data bandwidth
required for the entire network, add = 124 distinct PN sequences are needed for local data
communicationM is also called the spreading factor (or processing gai)/ is related to
M by AW = BM, whereB is the original data bandwidth before spreading [31].

As we discuss in Section 6.2.3, the signaling in the control channel provides each
node in a celi knowledge of who the other nodes in this same cell are, and the node uses this
information to choose a data channel to receive data, as well as to select a code for transmission
from the available PN sequenceséinbased on its own and neighbor IDs, in the following

ordeP:

e The node with the highest ID in celis associated (for reception) with the data channel

AW centered al¥/1, and it is assigned the first PN sequencég;in

e The node with the second highest ID in celé associated (for reception) with the data
channelAW centered atV,, and it is assigned the second PN sequengg, iand this

continues for all nodes in cell

e The data channels not utilized become idle in ¢elfhis happens in those cells where

3To simplify our notation, we will also denotd’; as the data frequency channel (or sub-spectrum) associated
to nodey.
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the number of nodes is smaller than

Each node also executes this same procedure for the association between node-IDs
and codes for all cells within its receiver range. In this way, each node has the IDs and training
sequences from the nodes in the same cell in which itis located, as well as from the other nodes
in the cluster it perceives within its receiver range.

Note that, in a communication session, each node only needs to know the nodes in
its cell (obtained during the neighbor discovery phase) and the signal strengths received from
them (by virtue of CDMA-SIC), in order to set its receiver range.

With the deployment illustrated in Fig. 6.1, two or more nodes, while moving in
the same cell, can perceive clusters composed of different cells with at most twelve distinct
numbers. For example, in the middle of Fig. 6.1, nadécated exactly at the center of the
cell 5, can apply SIC to decode the data signal from nipdad node: in that same cell. Each
node is almost at a distanceW from nodea as shown, and hence, the receiver range
for a is approximately\/W and it is indicated by the dashed circle. Nadperceives
the cluster composed of the five cefl8,4,5,6,% indicated in a dashed line (i.e., those cells
reached by:'s receiver range), and the other remaining closest four different £&lfs8,1¢
are not necessary for decoding purposes. However, lhbds to decode signals from nodes
andc, which is almost,/2a(n) away; thus, the receiver range fois approximately/2a(n)
and it is indicated by the solid circle. Hence, nddgerceives the cluster with all the twelve
cells{11,12,10,1,2,7,3,4,5,6,8,%hown in solid line, i.e., those cells reached by its receiver
range. Analogously, nodeperceives{2,7,4,5,6,11,8,9,10,1,12,3llustrated in dotted line.
Therefore, by construction, the cluster perceived by any node is composed of cells having
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distinct numbers, and consequently, different codes.

At time ¢, a cell hasZ nodes such that the data communicatiorZiso-Z, i.e.,
many-to-many communications (see Fig. 6.3) whéris a random variable given that nodes
are mobile and can move among cells. Each node employs a multi-user transmitter DS-CDMA
[31] (i.e., it transmits up t& — 1 simultaneous data packets per session in which each packet is
sent through a different data channel due to FDMA, as illustrated in Fig. 6.3 (downlink)) and
spreads the data using the PN sequence associated to its ID. The node can transmit a different
data packet in each sub-spectrum or choose to send the same data packet in all (non-idle)
bands, or a combination of both, depending on whether the node has a data packet for any
destination in the same cell where it is located. Thus, multi-copies of the same packet can be
simultaneously relayed to different nodes, which helps to reduce delivery delay, as explained
in Section 5.2.3.

Given that each node is endowed with a multi-user detector (the SIC circuit) for its
associated receiving data channel, it is able to decod€ thé simultaneous transmissions
from all nodes in its cell (see Fig. 6.3(uplink)).

Summarizing, as illustrated in Fig. 6.3, each node transmits (spreading the data with
its associated code) different (or the same) data packets to thebthenodes in the same
cell, usingZ—1 distinct data channels (downlink), while it simultaneously receives up-tb
different data packets from the oth&r-1 nodes through its assigned data channel (uplink), in
which each distinct packet was spread with a different PN sequence. Hence, every node can

concurrently transmit (receive) to (from) all other nodes in the same cell.
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Figure 6.3 Uplink and downlink description for data channels in a cell. Communicatidnis-Z
(i.e., many-to-many).

6.2.3 Channel Access

As discussed in Section 5.2.2, access to the channel is controlled by the signaling
that takes place over the control channels assigned to cells. Such signaling occurs simultane-
ously in all cells, without suffering high interference from each other because of the different
frequency assignment and safe guard-zone separation, as explained in Section 6.2.

The following lemma provides the relationship betwégg,, andn.

Lemma 1 For the uniform mobility model, with high probability (whp), i.e., with probability

> 1 %, for some positive constan§, the maximum number of nodes in any cell is given by

B 3log(n)
Fmas = Log(log(n‘z’))w ‘ ©-1)

Proof: Let £;. denote the event that cefl contains at least nodes. Let: = Z,,,, =
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3 log(n) ; _ —
{m] The total number of cells in the network {# of celly = 1/a(n) = ¢n. For
any cellj, due to the uniform mobility model, the distribution of the nodes is Binomial [47].

Therefore, we have
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Table 6.1 Performance values for the neighbor discovery phase ferl /3. P. refers toZ,,,4...

n Zmaz  Nmin P.
1000 25 77 0.04
109 28 134 0.02
107 33 210 0.01

n .
where we use < ’j—, < ("—?)i to obtain Eq. (6.2), and for large valuesmfwe utilized

7
1 g(log(log(n®))) _ 1
(1‘£) < 2 for Eq. (6.3), as well aé’m < 1 forEq. (6.4).

Now, since there arén cells, the probability that any cell receives at leasbdes

is bounded by

# of cells on on
Po U &ep=PilJ&:p <D P (6.6)
j=1 j=1 j=1
Let £, be the event that no cell has more thamodes. Hence,
— ¢n
P{E.} = 1-P{|Jé&.
j=1
on
> 1-— Z P {gjjz}
j=1
2
n
2
= 1-—=. (6.7)
n
3 log(n)
Thus, no cell has more th Og(log(nqﬁ)ﬂ nodes whp. u

Table 6.1 shows the values attainedyy,.., Nmnin, andP,, for different values of
n. As the table shows, the probability of collisi@ remains very low for a wide range of
values ofn. Note that collisions are even rarer within cells having fewer nodes Zhan.

Moreover, we defined the criterion for collision such tffat— 0 asn — oo.
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Although Z,,,.. is the maximum number of nodes in any cell whp, the number of
codes to be used is limited in practice. Therefore, as explained before, afAmastes in
any cell are allowed to get a code and communicate dufing. However,Z,,,... grows very
slowly with n as shown in Table 6.1. Thus, for example, by choosing small value for
practical values of, we show next that the fraction of cells having more tbhnodes can
be bounded by a small constant for large values.ofccordingly, the total number of cells
in the network is (# of cells}= 1/a(n) = ¢n. By applying random occupancy theory [47],

considering the uniform mobility model, the fraction of cells containihg: j nodes is

n 1 J 1 n—j
Pl =4 = e — 1 - —
{ 7 ‘ (# of cells) < # of ceIIs)
J
n 1 J 1 n—j
= —_— 11— — . 6.8
() (-5) ©9
J
n J x
Given that ~ o3 for n >> j, and using the limi(1 — 1)* — e7! asz — oo, we
J

have the following result

lim P{Z =i} = & lj—w. 6.9
A P{Z =3k = 5\5) ¢ (6.9)

The fraction of cells having more thatnodes for givery is obtained by

oo J
lim P{Z > A} = ) 1‘<1> e~ Ve
n—o00 Payyl 1\ ¢
CT(A+1,1/9)

T (6.10)

wherel'(m + 1) = m!, andT'(m,z) = [ y™ e ¥dy is the incomplete Gamma function.
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For examplelim,, ... P{Z > 8} = 0.0038 for ¢ = 1/3. Therefore, the fraction of cells
having more thatd nodes is very small ags — oo and. A > 8.

Now, the average number of communication sessidhsfer node per cell is a
function of the time the node moves in the cell. A node travels inside a cell on average every

tirip, Which is proportional to

— UA(; S @( “(”)), (6.11)

whereAS = ©(y/a(n)) is the average distance traveled inside the cell. For a fixed area
network,v(n) =0(1/y/n) andy/a(n)=1//¢n. It follows from (6.11) that;,;, is indeed a

constant. Hence, the average number of sesgibper node per cell is given by

tpo:
__tew o (6.12)
tdisc + tdata

i.e., H is a constant and does not depenchofhereforet ;s andt ., Must be chosen such
thatH > 1.
The data packet forwarding consists of two phases (see Figs. 2.1 and 3.1) and was

explained in Section 5.2.3.

6.3 Interference Analysis and Transceiver Scheme

6.3.1 Interference in a Data Channel

Although we have assumed that transmitters and receivers are synchronized, packets
are received at a given node asynchronously due to the different distances from each transmit-

ting node. Besides, fading effects can amplify the asynchronous nature of packet reception.
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Consequently, even if the PN sequences of data channels are orthogonal, they exhibit partial
cross-correlation at the receiver, which results in multiple access interference (MAI) [31].

According to the definitions given in Section 1.1, the interference can be decom-
posed in the following two types according to the receiver range of fiode

Destructive Interference (DEFpr node;j comes from nodes outside the receiver
range of;j and transmitting il¥;. DET constitutes the part of the interference that cannot be
decoded.

Constructive Interference (COomes from nodes within the receiver rangej of
and transmitting i’;. By construction, as shown in Section 6.2, the nodes within the receiver
range ofj and transmitting if¥; use different codes (since they are in the same cluster per-
ceived byj) exhibiting partial cross-correlation, as explained before, due to the asynchronous
nature of the uplink channel [31{7O1 constitutes the decodable part of the interference.

If node: transmits data to nodgat timet over the sub-spectruf’;, the signal-to-

noise and interference ratio (SNIR) at the recejyewithout SIC, is given by [26]

SNIR
B Pij(t)gi; (1)
BNy + 77 Prj(t)gr; (1) + 7 Z Pii(t)gr;(t) + Z Prj (t)gr;(t)
k € range k ¢ range k & range
ki Crp#C; Cr=C;
Cco1 DFEI

(6.13)

whererange 4 is the set of nodes transmitting Ii¥; and reached by the receiver range of

nodej, C; is the PN sequence used by sender nod®;(t) = P V(i, j) is the transmit power

“Note that the notatiolt ¢ range in (6.13) indicates that nodk is outside the receiver range of nogle
transmitting inWv;.
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chosen by nodéto transmit to nodg (i.e., P;;(t) is constant for all pairéi, 5)); ¢:;(t) is the
channel path gain from nodeto 5 and it is given by Eq. (2.4)B is the original bandwidth
of the data signal (before spreadind} Ny is the noise power (wherd), is the noise power
spectral density)M = 12A4 is the spreading facto€;OI and DET are the total interference
in W; at nodej. Note that the summation terms in the denominator containing the factér
constitute the multiple access interfereng€A47) [31], and the last summation term (without

the factorl /M) results from code reuse in the network and we caline-code interference

(SCT). Thus,
1 1
MAL =2 > | Pej(Dgrs () + 57 D Prj(t)an;(®) (6.14)
k € range k ¢ range
ki Cr#Ci
SCI = Zij(t)gkj(t)v (6.15)
k & range
Cr=C;

suchthatM AI + SCI = COI + DEI. M AI andSCI are easier for calculating SNIR, as

explained later.

6.3.2 FDMA/CDMA Transmitter Scheme

The FDMA/CDMA transmitter scheme for a nogds shown in Fig. 6.4(a). All
packets previously relayed to nogeare stored in thduffer for relayed packetsin each
session, after the discovery phase, ngd@ows who its neighbors are in the cell where it is
located, and loads tHeuffer for destination packetsit has packet for each destination in the
cell. Each packet signal, coming from thebanks of bufferpasses through a switcy,, for
integerz € [1,.A]. After S,, the signal is spread by the codgé assigned to nodg. The

outcome is modulated by the frequency carrier associated with the node the packet is intended
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for. Finally, all modulated signals are summed up and transmitted through the antenna (see
also Fig. 6.3(downlink)).

The banks of buffersot only store the packets relayed by ngdeut also packets
generated locally by nodg The position of each switch, is chosen according to the exis-
tence of the destination node (assignetiifg) for the packep,, in the same celj is moving.
Accordingly, the switchS, gives priority to the packet in thieuffer for destinations If the
node assigned to the data chaniél is not a destination for a relayed packet, then the switch
selects the new packei;) generated locally by nodg Furthermore, if no node is assigned
to the data sub-spectrui, in the cell thatj is located, thers,, is set to0 (ground) and
no information is transmitted, contributing no increase in the interference through this data
channel. Therefore, the objective of the switches is to give absolute priority tetiveryof
packets (i.e.Phase 2as described in Section 5.2.3, and prevent any unnecessary transmission
of data through an idle data channel in the cell.

Note that the packet generated locally in ngde transmitted to those nodes that
are not destinations. In this way, multi-copies of the same packet generated logaibretbe

relayed to other nodes in the same cell [39].

6.3.3 CDMA-SIC Receiver Scheme

The basic decoding scheme of the CDMA-SIC receiver circuit is illustrated in Fig.
6.4(b) [54] (see also Fig. 6.3(uplink)). The signal coming from the antenna passes through
a band pass filter (BPF) centeredl&} which selects only the data sub-spectriki’ as-

sociated withj. The filtered signal is demodulated to the baseband spectrum. The received
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Figure 6.4: Hybrid FDMA/CDMA data transceiver scheme for noflga) FDMA/CDMA transmitter.
(b) CDMA successive interference cancellation receiver.
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baseband data signg(t) is subtracted (in theancellationblock) from an estimation locally
generated,(t), and fed into a bank aforrelators Each correlation is performed by using a
distinct PN sequence. gelectordecides which output from the correlators is the highest. This
operation is also known as maximum a posteriori (MAP). The decoding is performed succes-
sively from the strongest signal to the weakest. Thus, with the simple path propagation model
assumed in Eq. (2.4), the strongest signal decoded first comes from the closest neighbor to
node; (not necessarily in the same cell pbut in the cluster it perceives), while the weakest
(decoded last) is the farthest node to ngde the cell nodej is located. After a decision

in selector the estimated decoded data tfj;sassociated with node are stored for further
processing and are also locally re-encoded using the associated PN seGeimberefore,

it results in the locally re-generated baseband sigp@l) using an estimatiogy;(t) of the
channel related to node Thechannel estimatiocan be obtained in different ways. One

way is by the receiving node listening in the control channe|st¢ w.2), during the neighbor
discovery phase, in which each node transmits a training sequence (or even a pilot signal) in
the control packet such that each receiver can estimate the attenuation incurred in the data
channel from each node, assuming that the control and data channels incur similar propaga-
tion effects. This entire SIC process is repeated until all signals from the nodes in the same
cell are successfully obtained. We assume that the processing time required to perform the
SIC operation is negligible compared to each data bit duration. Accordingly/ let’ be the

remaining multiple access interference at ngadter applying SIC up to nodg i.e.,

1 1
MAI = i Zij(t)gkj(t)JrM Zpkj(t)gkj(t)
a0 <oy [l
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= =Y By (6.16)

Vk: 9k <gij
Cr#C;

Therefore, the resulting SNIR (callefiVI R’) from node: to node; after applying SIC is

given by
SNIR = - 5 (D9i5 (1) (6.17)
BNo + 57 D Pi®gr(8)+ > Prj(t)gi; ()
Vk:gkj<gi]~ k & range
Cy#Ci Cr=Ci
MAT SCI

Note that node may have nodes transmitting from adjacent cells closer than a far
node in the same cell depending on its position. Therefore, fddes to be able to decode
the data signals from these adjacent cell nodes before decoding the signal from the far node
of the same cell. This explains why each node also needs to obtain the training sequences
from the other nodes located outside its cell but still within its receiver range.stbhage
and processlock uses the information obtained during the neighbor discovery phase to retain
the data packets from nodes in the same celf,adropping the outside cell packets since
node; cannot keep track of all nodes in adjacent cells to see if this packet is for relaying or
destination. This block also processes the DEST and SN information associated with each
data packet.

From Eq. (6.13), we observe that SIC is fundamental to derive Eq. (6.17) and for a
node to have all packets from the same cell successfully decoded.

In this way, the interference in the data channel caused by the close nodes in the
same cluster relative tpare partially removed, resulting in an improved link’s Shannon ca-
pacity, as shown in Section 6.4.1, making the data communication feasible gnamugall

other nodes in its same cell.
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6.4 Capacity and Bandwidth Analysis

6.4.1 Link’s Shannon Capacity

From Eq. (1.1), the link's Shannon capachy; in the data channdl/;, in which
node; receives from nodé after nodej applies SIC up to nodg is given (in units of nats)

by [15]

Rij = Blog (1 + SNIR,)

P () g5 (t)
— Blog(1 i) . 1
°g< BN, + MAI' 1 5CT (6.18)

To calculateR;;, M AI' and SCI must be obtained) AI’ can be computed using Fig. 6.5.

Assume that the center of the unit square area is the adigifthe(x, y) coordinates, and that

| Tmaz, (7)
AD'~... d - 5 v
MAT, iy
l’ymazg Yming \\:"‘\Y
i \f’“\\ Nmaz,
A
vz Yming r".""'
(]
!
]\[AI% 3 ’Ymaxg Y
gl T
O .~
‘ "!‘3 Tmina Y
1/2 : """..‘
S i Ymaxy
/
MAT,
\ o ! g
E <« —— . F
12 | 12

Figure 6.5 Interference regions for nodecommunicating with nodg. The angley increases in the
counterclockwise direction.

nodej is located at poing with coordinatesgzq, yq) at timet, wherezg, yg € (—3, 3). The

calculation considers that the transmitting nade located at a distancgs+/a(n) from j,
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while all the remaining interfering nodes are located at a distance greatemh;(m from

4 due to SIC, wheres; € (0, v/2) depends on the distance between ngdasdi in the cell.

For example, if nodg is closer to a corner of the cell and nodis closer to the other corner
(diagonally fromj) thencay ~ v/2. We divide the square unit-area network in four triangles
and compute the interference generated from each of these regions. The triangle formed by
pointsQV F outlines the interference regiaf A1}, triangleQV D profiles M AT, triangle
QDE confinesM AT, and triangleQ EF' contoursM A}, such thatV/ AI' = Zle MAI.

We consider a differential element are&-d~y that isr units away from the receiver noge
Because the nodes are considered to be uniformly distributed gravs to infinity, the node
density in the network ig, and the summation in Eg. (6.16) can be upper-bounded by an
integral (see also Section 3.4). Hence, the multiple access interference from kédiffnat
nodej is upper-bounded by

st < [aoean) = [ [ sfzoetrarar (6.19)

region ]\/IAIl/

inwhichl € {1,2,3,4}, ande; is the fraction of cells using the bandwidit;.
The fraction of cells using the sub-spectriiff) equals the fraction of cells contain-

ing at leastj nodes, in whichy € [2, A]. Accordingly,

ci=€ = P{Z>2}=1-P{Z=0}-P{Z=1)}
j—1
¢ = P{Z>j}=1-) P{Z=k} (6.20)
k=0

Thus, fora > 2, given thata(n) = ﬁ, from Eq. (6.19) we have

Ymazx Tmax (’Y)

l / l Zﬁ?ff dr dy
min; J c224/a(n)
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Pma, (7)

- M 2—a
Y

ming

Poein Ymaz;—Ymi @ 1 Tmazy 2
i J 2 ming =— —a
— ey () w = [ e ()20
22 TYmin
l
N ——

l c2,

= cyent (1— ciy ) (6.21)

wherec;,, ¢y, o, @andcs, are positive constants givén(zq, yg), c22, ¢, P, M, anda. From
Fig. 6.5, the values fof,,q,, andv,,:,, can be easily obtained once the locatieg, yq) of

nodej is given and they are indicated in Table 6.2. Therefore,

4 4
MAI' =% MAIj < ejn? Yy ey (1— —g5) < cogn®, (6.22)

=1 =1 "
because; < [0, 1] given that it is a probability, anl — 6%451) < 1 for n sufficiently large.

Note that the results in Egs. (6.21) and (6.22) hold for any locdtignyo) of nodej inside
the square area network, ang is a positive constant function of this location.

On the other hand, the same-code interfereeg/() can be upper-bounded using
the same procedure shown fof A1’ by considering that these remaining destructive interfer-
ing nodes are uniformly distributed over the network areaegre [0, 1]. This result is

SCI = Zpkj(t)gkj(t) < cagejn3 < eyyn?, (6.23)

k ¢ range
Cp=C4
wherecy, is a positive constant.

Hence, from Egs. (6.22) and (6.23), the total remaining interference after SIC at

nodej is upper-bounded by

MAI' + SCI < ¢p5n2. (6.24)
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Table 6.2 Values forv,,.,;, and~y,..,, for given the location(z¢,yq) of node; in Fig. 6.5 for
computation of Eq. (6.21).

Region (]WAI;) TYmax; TYmin,

T_ T
MAI; tan 1(.2 yQ) —tan 1<%+yQ>
7 =
MAI, tan~1! (?HCQ) —tan~! (?796@)
e P
MAI, tan~! ( ?erQ) —tan™! < 2 Yo )
§+CEQ Q‘HEQ
I T
MAI, tan~! ( 2 fce) —tan~! ( %+xQ>
5tYQ 5tYQ

Now, if we consider the bandwidth expansiBn= f(n) such thatl < f(n) < n?,
then a lower-bound foR;; can be obtained by using the maximum interference. Accordingly,
from Eqs. (6.18) and (6.24), the corresponding link's Shannon capacity lower-bound for node

j receiving from nodeé asn — oo is

P
a0
Rij = f(n)log (1 + f(n)g\fjj-MAI’)+SCI>

C26
fn)log|l+ ———
L) No (:)%N" + co5

v

n—oo
— C27

= crf(n), (6.25)

in which cog andcy7 are positive constants for a given set of chosen values far, P, M,
N,, c22, and positionzg, yg) of node;.
Eq. (6.25) is a lower-bound because we used the maximum value of interference

(obtained from Eq. (6.24)), and this interference dominates noise for the bandwidth expansion

R

1< B<nz2.

On the other hand, if we consider a scenario in which there is no limitation on
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available bandwidth, then we can obtain an upper-boundfarFrom Eq. (6.18),

-
_ (C22\/a(n))a
Rij = Blog (1 + BNoFMAT+SCT

n2 n2

Now, from Eq. (6.24), we have for the term associated with the maximum interfer-

ence

Therefore, from Eq. (6.26) and by takitg) > cosn? for some positive constams andn

sufficiently large, we obtain

L (MAI' + SCI) < co5 < BRe, (6.28)

ns
Thus, the termB—go becomes dominant in the denominator of Eq. (6.26) wBeR cog n2

andn — oco. Accordingly, from Eqgs. (6.26) and (6.28), f&# > c.sn?, we have the

following upper-bound for the link’s Shannon capacitynas> co

Rij:n

3
m\D‘m

log<1 * ’B%’+EE:J2\2A1'+SCI)> s en, (6.29)
n2 n 2

N~

nlo’OCZQ
in which cog is a positive constant. Eq. (6.29) is an upper-bound because the noise dominates

o
2

the interference (as a consequence of large bandwidth expansion), such that; forg n

andn — oo, we have

B c
oF o8 (1+ BIXP+(§§A1/+SCI)> < 9. (6.30)

1
o
n2 n2
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Egs. (6.25) and (6.29) describe two limiting cases. The former is the minimum
capacity attained if we use the bandwidth expansish B < nz. The latter is the maximum

o
2

capacity reachable if the available bandwidth is large, suchBhatcog n2. An increase in
B beyondesg nz does not change the order of the upper-bound of the capacity of wireless ad
hoc network using CDMA and SIC. Furthermore, Eqs. (6.25) and (6.29) represent capacity

values that increase with, compared to the asymptotic (constant) value result obtained by

Negi and Rajeswaran [51] for CDMA static wireless ad hoc networks.

6.4.2 Per Source-Destination Throughput

From Sections 5.2.2 and 6.2.3, each node accesses the data channel at a constant
rated = tdtﬂ% with probability approaching 1 as — oo, such that each source sends
one packet per session. Each node is guaranteed a communication Rajeiroeach data
channel that is lower- and upper-bounded according to Egs. (6.25) and (6.29), respectively.
This available communication rate has to be divided among all routes the node must serve
per session per channel. However, due to the mobility and the forwarding scheme described
in Section 5.2.3, each node serves only one route per session per data channel, i.e., the node
either relays a new packet or it delivers a packet to a destination. Thus, the number of routes
every node has to service per session per data channel is (# of served=+autéédreover,
all cells containing at least two nodes are able to execute FDMA/CDMA and SIC successfully.
From Eq. (6.9)P{Z > 2} = (1—e*1/¢’—ée*1/¢), asn — oo. Accordingly, with probability

approaching 1 as — oo, the per source-destination throughpt) is [23], [66], [39],
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Rij 0P{Z > 2}
# of served routes
tdata —1 1,-1
dat (1_6 /% Le /¢)

tdiscttdata

= Rj -

€30

= c30 Ry, (6.31)

wherecs is a positive constant for given choices of valuestfgs., t4ata, ande¢. Thus, from

Egs. (6.25), (6.29), and (6.31), we have proven the following Theorem.

Theorem 4 By employing mobility, CDMA, SIC, one-time relaying of packets, and bandwidth
expansion using the opportunistic cooperation strategy, the wireless ad hoc network attains,

with probability approaching 1 as — oo, a per source-destination throughput given by
An) = O(n%> (upper-bound) (6.32)
and
A(n) =Q[f(n)] (lower-bound) (6.33)

&
2

wherel < f(n) < n2.

Theorem 4 shows that, by using opportunistic cooperation, the per source-destination
throughpuincreaseswith n. Furthermore, the throughput upper-bound is the highest reported
in the literature for ad hoc networks. This increase is related to the fact that adjacent strong

interferences are decoded which improves the SNIR, and the bandwidth expansion.
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6.4.3 Bandwidth Scalability

As illustrated in Fig. 6.2, the total bandwidth requiremediX;,;,;) for the entire
network has two components. The control channls«{) and the data channelA{V'p).
From Egs. (5.2) and (5.3), Lemma 1, and noting that the bandwiditin each

control channel equaly/T" due to the Nyquist rate [52], we obtain

24 24 Npin
ch = 12Aw = T - 4tdisc
S T
3log(n)
log(1
- ol|l1- (1 _ %&)ﬂ))) [mgaogm%ﬂ , (6.34)

On the other hand, the bandwidti’” needed in each data channel is related to the
total number of distinct coded\() used and the original bandwidf (before spreading) of
the data signal. From Section 6.2, in order to obtain distinct PN sequences used in the same
cluster,M must equall24. Therefore, the bandwidth expansidxil” in each data channel
is given byAW = BM = 12AB [31]. Accordingly, the data bandwidth scalability in each

data channel associated to the upper- and lower-bound capacity, is given respectively by
AW = Q (nf) , andAW = O[f(n)], (6.35)

o
2

wherel < f(n) < n=.

The total bandwidth for the entire network is
AWtotal = AWC + AWD = ch + .AA‘/V, (636)

whereAws andAW are given by Egs. (6.34) and (6.35), respectively.
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6.5 Delay

The opportunistic cooperation strategy employs relaying of multiple copies of a
packet. As described in Chapter 3, the chance of a packet finding its destination earlier is
increased by using multiple copies, becakseopies follow different random routes and can
reach the destination node sooner.

For K = 1, it has been shown [57] that the delivery delay random variable
has an exponential distribution with paramefer= 2+’ v, which results from evaluating the
flux of nodes entering a circle of radiusduring a differential time interval considering the
nodes uniformly distributed over the entire network of unit area and traveling at spegd
In our analysisy’ is the receiver range of a node. For a uniform distribution of the nodes,
r’" = ©(1/y/n). Hence, the radiug’ decreases with/,/n. Furthermore, the velocity of the
nodes also decreases witfi,/n [23], [39]. Hence\ = %. We extended this model to
consider the cask > 1 (see Chapter 3), and we found that the delgyfor K copies attains

an exponential reduction compared to the single-copy détfiyen by Eq. (3.39), that is

1 K
dg ~ ~log [ ——— ). 6.37
K= Og(K—1+e)‘d) (6.37)

Because we employ multi-copy relaying of packets, the delay performance of the ad hoc
network with opportunistic cooperation is improved and follows the description in Chapter 3

and [39].
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6.6 Comparison with Previous Schemes

6.6.1 The Static Network Case

Here, we consider the capacity and bandwidth expansion performance of the CDMA-
SIC scheme assuming a static network, and compare it with the results by Negi and Ra-
jeswaran [51], who employed bandwidth expansion in the model presented by Gupta and
Kumar [28].

The model we consider is that of a network formedfixed nodes, independently
and uniformly distributed on a unit sphere surface. This model is also known as a random
network [28]. The set of assumptions assumed here are basically the same as those adopted
in the previous sections, except that th@odes are considered to be static on a unit sphere
surface, and that the routing of packets is done through multiple hops along cells following
the minimum distance path from source to destination. These assumptions are also consistent
with the works by Negi and Rajeswaran [51] and Gupta and Kumar [28] (see also Section
2.1). Because the communication framework is one-to-one, we use only one data channel
AW for the entire network. Therefore, no simultaneous data channels are needed given that
only one copy of each packet is relayed along the route to its destination, and so we can apply
the CDMA-SIC without FDMA.

In this model, the surface of the sphere is divided into cells. The number of nodes
in any cell is a random variablg. A node is randomly chosen to relay all traffic in each cell,
and is called the head node of the cell. Thus, to guarantee relaying of traffic between cells,

it is required that every cell has at least one node whp [28],[P¢Z > 1} "= 1. Within
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a cell, all sources send traffic to the head node, and destinations receive traffic from the head
node.

A useful property of the Voronoi tessellation described in Section 2.1 is that every
cell V € V,, has no more thang; interfering neighbors, and hence the maximum number
of interfering nodes is bounded by some positive constant [28]. Consequently, similarly to
what we did in the mobile case, we can assign distinct PN sequences to each node, such that
every cell in),, has interfering neighbors using different codes. Therefore, we heedcs,
distinct PN sequences, and we reuse the codes in order to save bandwidth. Note that GPS
(or some other technique) is no longer required since nodes are static. However, as explained
before, MAI has to be considered even when transmission synchronization among nodes is
employed [31]. Because nodes are static, we only need to assign the different codes during
the initialization of the network.

We compute the link’s Shannon capacity for an arbitrary pair of nodes from adjacent
cells, noting that the analysis applied for the mobile network can be used for the static net-
work as well. Thus, similar to the description in Section 6.3, each node communicating with
another node applies SIC to eliminate MAI from close neighbors an MR’ computation
follows Eq. (6.17). The MAI calculation is done following an approach similar to that of Eq.
(6.21), but considering the unit sphere surface. Furthermore, because the communication is
either between two nodes in the same cell or between two head nodes from adjacent cells, any
two communicating nodes are located at distange(n) apart from each other. Therefore, if
nodej is receiving data from nodg after nodej applies SIC up to nodg all the remaining

interfering nodes are placed at distance greater ¢hatin). Hence, fora > 2 andn suffi-
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ciently large, we have the following bound for the remaining multiple access interference at a

nodej receiving data from nodg after SIC,

2w T
MAI'(n) < / / ’ Af;ﬁfl dr dry
0 6326(?1)

B P¢n 2m 7,,2704
M /0 2—-«a
Pon 1 1 2

d
M(Oz . 2) (ngg(n))a—Q (4)()4—2 A Y

<C33 IZg(”)>gl_ <*/2E>a_2]

s [1 “es () ]

VT
2

dy

c32e(n)

2t Pon
M(a—2)

@

C34M2
— (6.38)
(log(n))2 ™"
wherecs, is a positive constant given thaf, css, ¢, P, M, anda are specified.
Analogously, the same-code interferenS€’'() can be upper-bounded by

C36 ns
SCI= Y Pyi(t)gr;(t) < ———5—. (6.39)

k ¢ range (log(n)) 2

Cr=C;

Hence, from Egs. (6.38) and (6.39), the total remaining interference after SIC at

nodej is upper-bounded by

«@

c37n?

MAI' + 50T < —2 .
(log(n))>~

(6.40)

From Eq. (6.18), assuming that notlé&ransmits toj, in which the original data

bandwidth isB (before spreading), we obtain the following link’'s Shannon capacity

P
o (c32e(n))”
Rij = Blog (1 T BN, + MAI' + S(JI)
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— Blog|1+ - s : (6.41)
BNo (log(m))2 | (oslu) 2 (npAp + SCT)
. -

n2

For the term associated with the maximum interference over the unit sphere surface,

we have from Eq. (6.40) that

(log(n))? :

57— (MAI' + SCI) < c37 log(n). (6.42)
2

Thus, from Egs. (6.41) and (6.42), and by takiBg> (10397"% for some positive constant

og(n))2 1’
c39 andn sufficiently large, we obtain
w (MAI' + SCI) < c37 log(n)
nz2
BN,(log(n))z

nz2

(6.43)

The termw becomes dominant in the denominator of Eq. (6.41) whern>

n2

—on? __ andn — oo . Consequently, fo3 > —<972 _ the link’s Shannon capac-
(log(n)) 2 (log(n)) 2

ity asn — oo is given by

C38
BNo(log(m)3 | (0se)? (\rap 4 sCT)

n2 n2

Rij = Blog 1+

nz B €38
= log | 1+ e 3
n2 BNo (log(n) 2 | (s (pfAl + SCT)
2

a
)§ nz n

n— oo
— C40

n2
(log(n))F’ (.49

in which ¢y is a positive constant.

= C40

Eq. (6.44) is the link’s Shannon capacity obtained from the noise dominance over in-

C39 N

(log(n))

rojg| IR

terference due to large bandwidth expansion. Note that any increé&skdgond

-1

does not change the value of this capacity.
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The bandwidth expansion associated to this capacity, in which % is
og(n

given by

AW =BM =q|—">
(log(n))2 "

ne ] . (6.45)

To obtain the throughput behavior, note that each cell has one node whp, and any
node in this cell can be the head node to relay all the traffic the cell must handle, while the
other nodes can simply serve as sources or destinations. Accordingly, analogous to Eq. (6.31),

the per source-destination throughput is given whp by

Ay = s OPAZ = 1}

= 6.46
# of served route’s (6.46)

n—oo

whereP{Z > 1} — 1, and/ is a constant that depends @1 and can be computed based
on the channel access scheme employed [28].

The number of routes served by any cell is a consequence of the routing strategy. As
mentioned before, the routing of packets is done through multiple hops along cells following
the minimum distance path from source to destination, i.e., every packet follows the straight
line segment connecting the source to its destination. Therefore, the traffic to be carried by any
cell is proportional to the number of straight line segments passing through the cell. Accord-
ingly, the number of routes intersecting any cell is bounded by the following lemma, which

was proved by Gupta and Kumar [28].

Lemma 2 The total number of source-destination lines (i.e., routes) intersecting every cell in

the random network can be bounded whp by

sup (Number of routes intersectirig) < c41+/nlog(n). (6.47)
VGVn
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Therefore, using the network model assumptions provided in this Section, from Egs.

(6.44) and (6.46), and from Lemma 2, we proved the following Theorem.

Theorem 5 The static random wireless ad hoc network using CDMA and SIC attains whp the

following per source-destination throughput lower-bound

A(n) = Q (6.48)

(log n))az“] '

Theorem 5 provides the same throughput lower-bound order as that obtained by
Negi and Rajeswaran [51], which corroborates the capacity analysis technique employed
throughout this chapter. However, our bandwidth expansion associated with this lower-bound,
given by Eq. (6.45), is much smaller than t@¢n (n> log(n))%) required by Negi and Ra-
jeswaran [51] because we take advantage of SIC. SIC allows every node in the network to
successfully receive the packets from its close neighbors, increasing the minimum distance of
the destructive interferers. In our case, the closest destructive interferer is located whp at dis-
tanceQ(e(n)) = Q(y/log(n)/n) due to SIC, while in [51] this distance 8(1/n+/log(n))

whp.

6.6.2 The Mobile Network Case

A direct comparison between opportunistic cooperation and the strategy proposed
by Grossglauser and Tse [26] is not appropriate even after applying CDMA and bandwidth
expansion, because their model does not require the use of cell we assume to enable frequency

reuse. Accordingly, we extend Grossglauser and Tse’s hetwork model by introducing cells in
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which nodes are endowed with FDMA/CDMA-SIC and GPS capabilities, such that every
node behaves simultaneously like sender and receiver of data packets for each communication
session. Therefore, another comparison, not necessarily based on the physical layer properties
(like link’s Shannon capacity or bandwidth expansion), is more suitable.

In Chapter 3, we presented a cell description [39] for Grossglauser and Tse’s scheme
[26] using assumptions that are similar to those used by El Gamal et al [23]. Because only one
half-duplex data channel is used for the entire network in Grossglauser and Tse’s model [26], a
node cannot be sender and receiver simultaneously, but rather every node behaves like either a
sender or a receiver for each communication session. Accordirggiy,l/\/% determines
a cell in such a model [26], [39] for a uniform distribution of the nodes, where the parameter
6 € (0,1) is defined as the fraction of sender nodgsin the network. Therefore;s = 0n,
andnr = (1 — 6)n is the fraction of receiver nodes. It has been shown [23], [39] that
the per source-destination throughput is proportional to the fraction of cells in the network
that can successfully forward packets. In the work by Grossglauser and Tse [26], and in our
previous work (see Chapter 3), only the cells containing exactly one sendek (i<1) and
at least one receiver (i.elf > 1) are able to forward packets, because no SIC capability
is assumed, and therefore, the cells containing more than one sender present transmission
collisions, preventing successful relaying of packets. From Eq. (3.6), for Grossglauser and

Tse’s scheme [26], we have thatras— oo
P{L—1,K>1} = %6_1/0 (1-e7). (6.49)

With opportunistic cooperation, in order to obtain the same cell size as in [26] and

Chapter 3, i.eq(n)=nr2= A =-L we mustsef = ¢, and use a finite bandwidth expansion.

0_%:%’
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In addition, all cells containing at least two nodes are able to successfully forward packets in
opportunistic cooperation. Thus, from Eq. (6.Bf,Z > 2} = (1 — e /¢ — ée*l/d’) as

n — oo. Hence, our collaboration-driven strategy provides the following performance gain
G over the Grossglauser and Tse’s scheme [26] based on a comparison of the fraction of cells

that successfully forward packetsmas— oo,

P{Z22} 1_6_1/(#_%6_1/@5

O b=tk >1 Tl (1—e1/9)

(6.50)

Fig. 6.6 illustrates the behavior of the gaihgiven in Eq. (6.50) as a function gt
Note thatG >1 V ¢ € (0,1). This gain shows that the throughput is improved by a constant
factor compared to the results in [26] and Chapter 3 under similar bandwidth expansion. There
is additional gain in the link Shannon capacity, as a constant gain factor, due to the use of SIC
and the improvement in SNIR. However, an exact computation of this constant factor turns

out to be a tedious task.
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Figure 6.6. Gain performance for fraction of cells that successfully forward packetpportunistic
cooperationcompared to Grossglauser and Tse's scheme [26].
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6.7 Conclusions

It was shown that the Shannon capacity and per source-destination throughput can
increase with the total number of nodesn wireless ad hoc networks by employing mobil-
ity, FDMA/CDMA, SIC, and one-time relaying of packets taking advantage of opportunistic
cooperation among nodes. Such performance is attained by using successive interference
cancellation and distinct codes among close neighbors, which is enabled by running a sim-
ple neighbor-discovery protocol. Accordingly, interference from close neighbors is no longer
harmful, but rather endowed with valuable data. This technique also allows for code reuse and
reduces the bandwidth demands of the network. It was also shown that the delay performance
is improved by employing multi-copy relaying of packets. Besides bandwidth expansion, the
overall improvement in the network performance is obtained at a cost of increased processing
complexity in the nodes. Furthermore, the principles of opportunistic cooperation are applied
to static [28], [51] and mobile [26], [39] networks. It is shown that, by using this approach,
similar capacity of [51] can be attained with much smaller bandwidth expansion. We have
shown that opportunistic cooperation improves the throughput of mobile wireless networks
by a constant factor compared to the results in [26] and [39] under similar bandwidth expan-

sion. These results are consistent with the predictions reported by Xie and Kumar [68].
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Chapter 7

Opportunistic Cooperation with

MIMO Nodes

The multiple access scheme thatis proposed in this chapter is based on multiple-input multiple-
output (MIMO) systems employing frequency division multiple access (FDMA). In this chap-
ter, we explore the capacity behavior of wireless ad hoc networks when every single node has
M antennas. The neighbor discovery and scheduling techniques are required before trans-
mission of packets in a cell. For simplicity of the analysis, we assume that all the nodes
in the network have the same number of antennas. Nodes transmit and receive simultane-
ously using different portions of the available spectrum (bandwidth), which characterizes an
FDMA/MIMO approach. During transmission, the node sends packets from only one of its
antennas, while during reception, it uses all of its antennas to receive and decode packets from
multiple nodes simultaneously. Therefore, each MIMO system in this scheme consists of

multiple transmitting nodes acting as a single-array of multiple antennas, and a single receiver
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node with multiple antennas in a cell. This approach does not require any coordination among
receiving nodes for decoding the received packets. We also assume that these antennas create
statistically independent channels.

We show that per node ergodic capacity does not depend on the total number of
nodesn; however, it is a function of such other physical layer and network parameters as the
number of receiving antennas, cell area, average node density, noise, and the path loss param-
eter. Surprisingly, we also demonstrate that each node capacity grows as the transmit power of
each node in the network increases, up to a point where interference is dominant such that no
increase in capacity is possible by increasing transmit power. This result proves that increas-
ing interference does not reduce each node capacity if the interference is properly treated. Itis
also shown that the total bandwidth required is finite for the proposed FDMA/MIMO system.

The rest of this chapter is organized as follows. Section 3.1 presents the network
and communication models. Section 7.2 is dedicated to the capacity analysis. Section 7.3

shows the numerical and simulation results. We conclude the chapter in section 7.4.

7.1 Model

7.1.1 Network Model

The network model we assume is the same as presented in Section 2.2, except that
the total area of the network grows linearly with
Accordingly, the modeling problem we address is that of a MANET in which

mobile nodes move in the total network arda(n). The network is divided in cells. To
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simplify our analysis, the cells have square shapes, each with area equal tioat does not
depend om.
Therefore, with the uniform mobility model, the average node densiynd the

total network area are related by the following definition

Ar(n) = %. (7.1)

Consequently, the total number of cells in the network is given by

#ofcells= A7) _ _m (7.2)
Acell PQcell

Each node is assumed to know its own position (but not the position of any other
node) by utilizing a GPS circuit [53] or some other technique, and to store a geographical
map of the cells in the network with the associated frequencies as described later. The GPS
receiver is also assumed to be used to provide an accurate common time reference to keep all
nodes synchronized.

We use two types of channel€ontrol channelsare used by nodes to obtain such
information as the identities of strong interference sources, the data packets expected by des-
tinations, and the state channel information (CSIl) (by means of training sequences). The
detailed description of the control channel is given in Chapters 5 ardb channelsare
used to transmit data taking advantage of FDMA/MIMO. Each node simultaneously transmits
and receives data during a communication session (see Section 5.2.2).

As illustrated in Fig. 7.1, there are nine different cell numbers. Note that twelve
distinct control frequency bands were used in Chapter 6, instead of nine used here. Many

cells use the same number, however they are placed regularly far apart from each other to

124



5 6 4 5 6 4 5

3

-~
L_ V Qceell

Figure 7.1 Cells numbering in the network witt..;; as the cell area.

reduce interference. Consequently, the frequency division assignment is such that each set of
cells numbered fror to 9 employs different frequency channels (bandwidth), as explained in
Section 7.1.2. Accordingly, for the cell configuration given, nadesd; in cell 5 at the center
of Fig. 7.1 use different frequency bandwidths to communicate with each other such that, for
any other nodé located in another cell numberedfaand using the same frequency channels,
it is true that| X (¢) — X;(t)] > (1 4+ A)|X;(t) — X;(t)], so thatX}, is at a distance greater
than X;(t) — X;(t)| to nodej. This is called theprotocol modeknd fulfills the condition for
successful communication [28] (see also Section 2.1).

As discussed in Chapters 5 and 6, the number of nodes per cell allowed to com-
municate is limited. Thus, consider that at mgsnhodes in any cell are allowed to have a
non-overlapping frequency channel for communication. We now show that the fraction of

cells having more thaml nodes can be bounded by a small constant whenlarge. From
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Eq. (7.2), the total number of cells in the network is (# of ceﬂs)pa’zj. Analogous to Eq.

(6.8), the fraction of cells containin§ = s nodes is obtained by

-0 = # of cells # of cells

— (m) (1- M)H. (7.3)

n n

In this chapter, we us§ to represent the random variable for the number of nodes in a cell,
instead ofZ used in Chapter 6. The distinction is to remind that, in this chapter, the net-

work modeling is different from the previous chapter in which the total area of the network is

constant.

n s .
Given that ~ 2 for n >> s, and using the limit(1 — 1)* — e~! as

S

T — 00, We have
. 1 _
lim P{S = s} = —(pacey)’e Pl (7.4)
n—oo S!

Following the analysis given in Lemma 1, it can be shown that the maximum number

3 log(n)
log(log(n1/<p acell)

of nodes in a cell is given b{ ))w . The fraction of cells having more thaf

nodes, givery anda.., is obtained by

lim P{S > A} = lim » P{S=s}
n—oo ’VL—*OOS:AJ'_I
= 1
— Z (P acen)te P et
St
s=A+1
F(A + 17 pacell)
= 1-— 7.
TA+1L) (7:5)
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wherel'(m + 1) = m!, andT'(m,z) = [ y™ 'e~¥dy is the incomplete Gamma function.
For examplelim,,_,o. P{S > 8} = 0.0038 for pa.;; = 3. Therefore, the fraction of cells
having more than4d nodes can be designed to be very small. Obviously, if a cell contains

more thanA4 nodes, only4 nodes are allowed to participate in each communication session.

7.1.2 Bandwidth Allocation

In a competition-driven paradigm for MANETS, when two nodes become close
enough to each other, they can transmit information to one another without any delay. With
opportunistic cooperation, many nodes transmit concurrently to many other nodes that are
close enough, and all such transmissions are decoded. Hence, a node may concurrently send
to and receive from multiple nodes. Because full-duplex data communication in the same fre-
guency band is not practical, we present an example of how opportunistic cooperation can be
implemented with a hybrid scheme based on FDMA and MIMO that supports many-to-many
communications. This approach together with the cell arrangement given in Fig. 7.1 reduce
the effect of interference at the receivers.

Let&; denote the set of non-overlapping data frequency bands (channels) used in cell

1. Accordingly, the data channels are ordered and grouped as foﬂ@ws.{Wl(l), v S)},
& = (W L WY, & = WL, W, in which Wj(i) stands for thej'"
bandwidth in cell. In this way, any set of nine cells, numbered from 1 to 9 according to Fig.
7.1, has a different (non-overlapping) set of frequency bands.

As mentioned earlier, the signaling in the control channel provides each node in cell

i knowledge of who the other nodes in the same cell are, and the node uses this information to
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choose a data channel (or data sub-spectrum) to receive data in the following order based on

its own ID and the IDs of its neighbors

e The node with the highest ID in cellis associated (for reception) with the data sub-

spectrum (or channelhWW centered at/V((QlMJrl ing&;.

e The node with the second highest ID in celé associated (for reception) with the data

sub-spectrum (or channeWW centered atv?)

(i1).4+2 I &, and this continues for all

nodes in celk.

e The data sub-spectra (or channels) not utilized become idle in.c&his happens in

those cells where the number of nodes is smaller than

Accordingly, the total bandwidth required for the entire networlAi®/; ;.1 =
9AAW. BecauseAW and.A are finite, the total bandwidth necessary for the FDMA/MIMO

ad hoc network is also finite.

7.1.3 Many-to-Many Communication

At time ¢, a cell hasS nodes such that the data communicatio§-®-S (see Fig.
7.2) whereS is a random variable due to the mobility of the nodes. Each node transmits
through a single antenna (employing FDMA) the same or different data packets to thg-ether
1 nodes in the same cell, usiy-1 distinct data channels (downlink), while it simultaneously
receives (through many antennas) ugtel different data packets from the othg&r1 nodes
through its assigned data channel (uplink). Hence, every node can concurrently transmits

(receives) to (from) all other nodes in the same cell. Thus, multi-copies of the same packet
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can be simultaneously relayed to reduce delay [39].

(downlink)
node j W i ol
T weag
_ (i-1)A+2
Multi-user \ (except j)
transmitter Wiliats oS
1 (nodes)

Multi-user

I receiver

Figure 7.2 FDMA/MIMO downlink and uplink description for data channels in a ¢elCommunica-
tion is S-to-S (i.e., many-to-many).

LW
(exceptj) : DA

(nodes)

The data packet forwarding consists of two phases (see Figs. 2.1 and 3.1) and it was

explained in Section 5.2.3.

7.1.4 FDMA/MIMO Transmitter and Receiver Scheme

The FDMA/MIMO transmitter scheme for a nogén cell i is shown in Fig. 7.3(a).
All packets previously relayed to nogeare stored in théuffer for relayed packetdn each
session, after the discovery phase, ngdenows who its neighbors are in the cell which it
is located and loads tHauffer for destination packetfit has packet for each destination in
the cell. Each packet signa). coming from thebanks of bufferpasses through a switcpy,,
wherek € [1,.A] is an integer. AfterQ;, the signal is modulated by the frequency carrier

associated with the node the packet is intended for (in this ﬁé(%ﬁm%)- Because each
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node uses only one antenna for transmission and channel state information (CSI) is assumed
to be known only at the receiver side, the node transmits with constant godaeranother
node, such that the total node transmit powePjis< AP. Finally, all modulated signals are

summed up and transmitted through the antenna (see also Fig. 7.2(downlink)).

(3) TRANSMITTER

/ (1)
buffers for destination PCOS(W(,',l)A+1t)
packets
yan E——
[%] . \
g 7> (exc@ptj) | (excepty) =
3 I :
5 0 . .
L pA
-
buffers for
I
paca%ets

buffer for packet
generated locally

ffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff )

data
channels

(b) RECEIVER ()
COS(W(i—l)A+jt)
=
X =2
MIMO . BPF atW(i_l)AH .
detector . -
=
ﬁxj A= o
. BPFatw), ..
COS(W(i71>A+jt)

Figure 7.3 Hybrid FDMA/MIMO data transceiver scheme for noglen cell i. (a) FDMA/MIMO
transmitter. (b) MIMO receiver.

The banks of bufferstore the packets relayed by nogdand the packets generated
locally by nodej. The position of each switcf);, is chosen according to the existence of the
destination node (assignedm((ﬁl) ) for the packepy.. Accordingly, the switcht), gives
priority to the packet in théuffer for destinationsIf the node assigned to the data channel
W((Ql) A4, 1S not a destination for a relayed packet, then the switch selects the new packet

(p;) generated locally by node Furthermore, if no node is assigned to the data sub-spectrum
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W((iizl)A—l—k in the cell thatj is located, therQ);, is set to0 (ground) and no information is
transmitted, contributing no increase in the interference through this data channel. Therefore,
the objective of the switches is to give absolute priority todktiveryof packets (i.e.Phase
2) as described in Section 7.1.3, and prevent any unnecessary transmission of data through an
idle data channel in the cell.

Note that the packet generated locally in ngde transmitted to those nodes that
are not destinations, and thus, multiple copies of the same packet generated lgcadiy ae
relayed to other nodes in the same cell [39].

The basic decoding scheme of the MIMO receiver circuit is illustrated in Fig. 7.3(b)
(see also Fig. 7.2(uplink)). The signal coming from each antenna passes through a band pass

filter (BPF) centered &t/ @

(1) At which selects only the data sub-spectriiii” associated

to nodeyj in celld. Finally, the filtered signal is demodulated to the baseband spectrum and fed
to the MIMO detector, for example a V-BLAST decoder [20], or other space-time decoding

techniques [11].

7.1.5 Communication Model

Without loss of generality, let the cell where nofles currently located be denoted
by cell 0. Also, assume that the other cells (employing the same set of frequencies@s cell
are numbered from= 1 to co. P is the transmit power chosen by nog# transmit to node

j. The distance between a transmitting nedécated at celf) and the receivey is denoted
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asr; j(i). Assumingno fading, the received signal power at noglérom nodes is !

P

PS,j(i) = (1 + Ts,j(i))o“ (7.6)

whereq is the path loss parameter and assumed to be greater than or equal to 2.

In Eq. (7.6),7, () is not a function of receive antennas, i.e., The reason is
because the distances between the transmitting n@ahel all M/ antennas of the receivgr
are assumed to be equal for practical considerations.

In our analysis, we consider that channel state information (CSI) is only known
at the receiver side. Furthermore, in every cell, each MIMO system consists of multiple
transmitting nodes and a single receiver node (Withieceiving antennas).

We use boldface capital letters to represent matrices and boldface lower case letters
to denote vectors. In addition, the following standard notation will be usiedvector trans-
pose,t for conjugate transpose of a matrix (or vecterfor conjugate transpose of a scalar,
tr(-) for trace,rank(-) for rank anddet(-) for determinant of a matrix. The received signal
vector (from cell;) for one receiver nodgis defined ag; (i) = [y1,;(?), y2,;(2), ..., yar,;(3)].

The transmission vector from célis x(i) = [x1 (i), 22(7), ..., zs,(2)]’, whereS; is the num-

ber of nodes in cell (we assume that the nodes in @adre transmitting in the same frequency
band as nodg is using to receive data). This assumption implies that transmit nodes in cell
7 only use one antenna while receiving nodes utilize all théiantennas for communication.
The received signal (from a ce)l for each node is defined as(i) = H; (i) x(¢) + z;, where

z; = [z1;,22,;,.-,2M,5]' 1S @ zero-mean complex additive white Gaussian noise (AWGN)

vector. We assume that[z; z}] = 021y, wherely, is the M x M identity matrix ands2 is

! This path loss channel model ensures that the received power is never greater than the transmitted power [34],
as opposed to the more common approach/ef’ ; (i) [28], [26], [39], [51], [66].
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the noise varianced ;(7) is the M x S; channel matrix from celi to node;j with its elements

defined as [34]

¢m8,j(i)

Puns,j (1) = (H;(4))ms = (T + 7 ()™

(7.7)

wherel <m < M, 1 < s < S;. The fading coefficient,, ;(i) is zero-mean, Gaussian, with
independent real and imaginary parts, each with variance 1/2. Equivalgntly(:) is a sta-

tionary and ergodic stochastic fading process that is independent for each sender and receiver
antenna pair, WherBy s, (i) ¢y, (1)) = Ey[|¢ms.;(1)|?] = 1. The fading coefficients can

also be given in matrix notation, i.€b,,s ; (i) = (®;(7))ms. Thus,®;(7) isaM x S; matrix

of complex variates whose columns are independently normally distributed with mean vector

0 and covariance matri¥ ; (i) = I/ V(4,5), i.e.,N(0,I,) [33]. Consequentlyﬁj(i)@}(i)

is a positive definite Hermitian matrix having the complex Wishart distribution characterized
by the following probability density function [33]

Clna nat
eftr[\I’]. (z)éj(L)q)].(L)]

F(®;(i)®1(i)) = ; {det[®; ()@ (i)} M. (7.8)

w2 MM =D (et (1))} S0 [ M, D(Si—k+1
This complex Wishart distribution for a matrﬁj(i)cbj(i) will be denoted byIJj(i)<I>}(i) ~

Wi (¥5(i),S;).

7.2 Ergodic Capacity

Let H;(0) represent the channel matrix for celli.e.,H;(0) describes the channel
matrix to nodej from the nodes in the same cell A located. The analysis is asymptotic in
n, i.e.,n — oo. Therefore Ar(n) — oo, and without loss of generality, we consider that the

cell 0 is located at the center of the network area. Given that each node transmits to another
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node with powerP using only one antenna, and CSl is only known at the receiver side, the
ergodic capacity of a receiving nogés given (in units of bits/s/Hz) by [13], [10], [62], [21]
1 t 2 -1 h
Rj = 5B { logy det | Ly + PH;(0)H}(0) | 05Ty + ;Pﬂj(z)ﬂj(z) , (7.9)
where the tern% accounts for the frequency division multiple acceSg[-] denotes the er-
godic expectation over all instantanedd$(:), and the summation inrefers to the interfer-

ence coming from all cells in the network using the same frequency ha#idasj uses for

reception. Noting thabg, det(-) is concave and using Jensen’s inequality, we arrive at [13]
-1

logy det{ Ly + By |P[H;(0)HL(0)] | 020y + Py H;(i)HL(i) .(7.10)

1>1

R; <

Ne i

Now, observe that, givejy H; (i) is independent distributed for &ll Therefore, we obtain
-1
R; < ~logy det{ Iy + PEg[H;(0)HI(0)] By || 021y + P> H;(i)HI(i)
i>1

Ne i

(7.11)

The above upper-bound is computed in three cases according to the transmit power
level P. Compared with noise, we consider the cases of strong interference, no interference,
and the intermediate case. Note that these thresholdsdepends on the network parameters
as will be described latter.

The intermediate case is analyzed first. Accordingly, we present the following

lemma and corollary.

Lemma 3 Let the same order square Hermitian matrig@sand V be positive definite. Then

1

(G+V)l<(GTL+ VT, (7.12)

W~ |

with equality if and only ifG = V.
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Proof: Let G andV be M-square positive definite Hermitian matrices. Theref@e, V >
V > 0, i.e.,G + V is also a positive definite Hermitian matrix. Hence, there eXta

nonsingularM x M matrix such that [73]
B(G + V)B =1,,. (7.13)

Now, becaus®B VB is also positive definite Hermitian, then we can fiRiga unitaryM x M
matrix such thaDvy = TTBfVBT is a positive definite diagonal matrix [73]. LBt = BT,
and note thaR is nonsingular. Then, from Eq. (7.1R,/(G + V)R = I,,. Thus,Dy and
Dg = R'GR = R/(G + V)R — RIVR = I,; — Dy are both real diagonal matrices.
Consequently,
(G+V)l = [(RT)—lDGR—1 + (RT)—lDVR—l} -
= [(RT)_l(DG + DV)R_l} B
= R(Dg +Dvy) 'R'

1
(Dg)11+(Dv)11

1
(De)um+Dv)mm |

(7.14)

where(Dg);; and(Dv );; are thei*” diagonal elements dDg andD+; respectively.
Now, we know thaf(Dg)i; — (Dv)i]* > 0 for all i € [1, M], with equality if and

only if (Dg)i; = (Dv)ii Vi, i.e.,G = V. Accordingly,

[(DG)ii + (Dv)i]> > 4(Dg)ii(Dv )i

(Da)ii + (Dv)ii S 4
(Dg)i(Dv)ii — (Dg)ii + (Dv)is
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. 1 < 1 [ 1 n 1
(Dg)ii + Dv)ii — 4 [(Dg)i  Dv)il

Applying this result in Eq. (7.14), we have

ook + o5 )

(G+V)™! < R

1

1 1
Z[(DG)MM - (Dv)aar | ]

1 1
(Da)u1 Dv)n

1

= ZR +
1
L De)mm L

1
= 1I{(D(glJrD;,l)RT

1
~ 7 (RDG'R'+ RDY'R)
I | -1
= 4(Gr +V7h.

1

Ov)mm |

(7.15)

(7.16)

Corollary 1 Let the square Hermitian matriX () be positive definite, wheree [1, o) and

Y (i) has same order for all. Then

Proof: In Lemma 3, puG =Y (i), V =32, ., Y(k), and the result follows.

From Eqg. (7.11) and Corollary 1, we obtain

1
R; <

Ne i

i>1
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logy det [IM+PEH [H,(0)H (0) (WIM+ ;ZZJ;HEH{[Hj(i)H;(i)]l})].

(7.18)



7.2.1 Data Signal Strength Computation

BecauseH ;(0) is a M x Sy matrix with iid zero mean unit variance entries, then

we arrive at

En[H;(0)H(0)] =

- ;
Zhlsﬂ his 1 0 0

So—1

Zh%, )h3, (0 1 0

E

0 E),

So 1
0 0 Ehlz s, (0 h}‘ww())]
(7.19)
Because the distance between the transmit antenna from any other node and each receiving
antenna in node is assumed to be the same, we have

So—1
Z ¢ms,g(0)¢fnsd(0)
. (1475,5(0)**

S=

So—1

Eh Z hms,] ms,]( )] = ES,QW"

So—1
_ 1
= Esp | Y. mm))‘w] : (7.20)
s=1
forl <m < M.
Therefore, we obtain
So—1 1
En[H;(0)H!(0)] = Eg., — I 7.21
H[ .7( ) ]( )] S, !Sz_: (1+Ts,j(0))2a] M ( )
Lemma 4 For the uniform mobility model,
So—1 1
Es,;, ———————— | = (pacen + e PN — 1) g(aceu, @), (7.22)
[; (1+7"s7j(0>)2 ]

where g(ace, a) = = [(1“2%6”)2&71‘1”2“06”(20‘_1)}.

Qeell (20472)(20(71)(14’\/20,65”)20‘_1
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Proof: Because the steady state node distribution is uniform, the distances between the nodes

in cell 0 and nodej are iid distributed. Therefore,

So—1 0o

L S sy pgs = sy [ ntdr
]_Z(SO 1)]?{5_30}/0 e (7.23)

Eor | S ——
Z (1+Ts,j(0))2 So=2

)

s=1

where fr(r) is the probability density function for the distance between a sender node and
nodej in cell 0, andr,, is their maximum distance. For a uniform node distribution and
considering nodg located at the center of céll(for a circular cell shape), we have that [36]

mw
oo<r<nr,

frir)={ m (7.24)
0 otherwise.
This assumption is justified by observing that the cell arrangement in Fig. 7.1 can be moved
for the purpose of capacity computation. Besides, the analytical results will be contrasted with

Monte-Carlo simulations for the actual ergodic capacity. Noting that the maximum possible

distance inside a cell between two nodes,is= \/2a..;;, We obtain the following result

/T’" 2rdr 1 /V 2acen
o 12 (1+7)* cell Jo (147)%
1 [ (10 + v2e) ™ =1 = 2aen (20— 1) 7.25)
et | (20— 2)(2a — 1) (1 + v/2agen) ™"
Now, from (3.6), the summation term in (7.23) becomes
o0 o0 1 e
ST (So-DP{S =S} = > (So—1) g (paca)® e r e
So!
So=2 So=2
— e_pacell i k (pa ”)k?“rl
| (&
P (k+1)!
= PGcel + e Plcll — 1. (7.26)

Combining (7.23), (7.25) and (7.26) it results that
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So—1 2a—1
2 : 1 1 (1+\/2acell) —1—v2ace1(2a—1) -
— — a +€ PQcell __ 1 .
5’[ <1+rs,j<o>>2“] aceu[ e (R O (R )

s=1

(7.27)

7.2.2 Interference Computation

To simplify the derivations, we assume that the distance between the receiver node
j in cell 0 and the interferer in cellis on average the distance from center to center of these
two cells. Accordingly, due to the cell arrangement illustrated in Fig. 7.1, the path loss from

each interfering cell using the same frequency bARH as;j can be written by

1 1
(L+7;(4)" (1 + /B /e ki)? + (3+/ace £:)?)"

1
<1+3\/@«/k2+£§)m

where 8\/acer ki, 3\/ace ¢;) are the coordinates of cellwith respect to celd (i.e., cell0 is

(7.28)

taken as the origin for the coordinates), in whighe Z and/; € 7Z, and bothk; and/; cannot

be zero simultaneously. Consequently,

H;(i)H' (i __ 1 &6l
D) = o i (02](0)
_ L (1)@ (i), (7.29)

14 3 \/cen k§+€?2
(13 vt + )

The following lemma is used to compute interference in Eq. (7.18).

2In this caser; (i) is the distance between the center of éelhd the center of the cell in whighis currently
located (i.e., celD).
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Lemma5 LetGG' ~ W,(¥,¢q). Then, forg —p > 0

Eg[(GGNH = — oL (7.30)

Proof: See [60] and [29] considering the complex Wishart distribution given in Eq. (7.8).

Thus, from Eq. (7.29) and Lemma 5, the term associated with the total interference
in Eq. (7.18) is given by

3 %EH{[H]-@)H}@)P} = > 41+E<I>{

i>1 i>1

—®
(L +7;(2))

(L+7;(i)* 1 _1y.
i>1
— (pacell)M+1 2F2(1a 1; 27 M + 2; pacell)

F(M + 1) ePacell

C(acell :p:M)

(1+3\/@\/k3+£§)2a
' Z 4i+1 Y

ki€ZL;ET

u(acellva)

= ((acen, p, M)u(aceny, o), (7.31)

where we used the fact thd; (i) = I/ V(¢, 5), and

1
M) = FE
C(acelbpv ) S|:SZ—M:|

- 1
Si=M+1

> 11

— 7([) acell)sie_pacell
Z _ |
Sioh41 S; — M S;!

(pacen) Mol (1,152, M+2; pacen) (7.32)
(M +1) ePacen ’ '
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in which oF5(-, 5+, -; ) is the generalized hypergeometric function [33], [19].

For practical computation of the interference, it is important to observe that the func-
tion u(ace, ) in EQ. (7.31) converges very fast. As illustrated in Fig. 7.é..;;, ) attains
convergence for the eight closest interfering cells (i.es 8). This result demonstrate that
only adjacent interfering cells are dominant, which is commonly considered for MAC proto-
col design [63]. By inspecting Fig. 7.4, we observe that the four adjacent interfering nodes
for cell 5 in the center of Fig. 7.1 are located in symmetry, i.e., same distance. Therefore,
the channel matrix associated to these interfering cells are equivalent on the average, for a
uniform distribution of the nodes. We also show this by comparing our analytical results with

Monte-Carlo simulation of (7.9) to demonstrate the tightness of capacity upper-bound.

65

60

u(ace“,a)
(6]
(6]

50

2 4 6 8 10 12
|

Figure 7.4 Convergence ofi(a..;;, o) as a function of cell, for a..; = 2m? anda = 2.
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7.2.3 Capacity

The ergodic capacity of a nodefollows from Egs. (7.18) and (7.21), Lemma 4,

and Eq. (7.31). Hence,

1
R; < g logs det{[1+P (,0 Qpepy + € P Feell — 1) g(aeerr, @) (ﬁ + C(aceu,/),l\/]fj)u(acelua)ﬂ IM}

M
— o log {1 L+ P (p Ay + € P Geell — 1) 9(acer, @) (é + C(acell:pvj\é)u(acellva)>i| )

(7.33)

For the case of no interference, the upper-bound capacity is obtained from Egs.
(7.11) and (7.33) where the term associated with interference is ignored. Accordingly, we
have

M
R, < —
779

log, [1 + U—P% (p aceyy + € P et — 1) g(acei, a)] . (7.34)

On the other hand, if interference is strong, the term associated with noise is ne-

glected. Consequently, we obtain

M —pa
5 logs [1+4 (pace + e 7% = 1) glacen, )¢ (aces p, M)ulacen, )] . (7.35)

R; <
Therefore, from Eqgs. (7.33), (7.34) and (7.35), the node capacity grows with the
number of receiving antenndd. Furthermore, because the terms in these equations do not
depend om, the node capacity does not decrease wijttvhich contrasts with the decreasing
node capacity obtained in [13]. Note that our channel mdiijxX:) incorporates the decay
with distance, i.e.w, which is the large scale representation of the channel.

This result shows that the ergodic upper-bound capacity for a node increases with

power P, as in Egs. (7.33) and (7.34), up to a point where it remains constant and there can
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be no gain in capacity, as in Eq. (7.35), by increasihg

Moreover, for the intermediate case, from Eq. (7.33), the capacity upper-bound
increase with powefP is the direct result of using cooperation among nodes and reducing
destructive effect of interference in the network. Besides, our approach utilizes the strong

interference that exists inside a cell.

7.3 Numerical and Simulation Results

The numerical and simulation results presented here were obtained considering that
the maximum number of nodes allowed to communicate in a cell (s said in Section
7.1.1).

Fig. 7.5 shows the resultant node capacity upper-bound indicated by the solid line
as a function of the transmit powet, obtained by considering the lower-part curve from the
intersection of the three curves given by (7.33), (7.34) and (7.35). We observe that the er-
godic capacity increases with the increase of the power up to a point where interference is
dominant such that no increase in capacity is possible by incre&sihgthis figure, we also
demonstrate the Monte-Carlo simulation of (7.9) by averaging over 5000 random network
topologies. Unlike our analytical model that interfering nodes are assumed to be located in
the center of each interfering cell, the nodes are distributed randomly and uniformly in the
simulation area. The result clearly shows that our upper-bound is close to the simulation. The
intuition behind it is based on the fact that it is commonly known that the major portion of
interference is caused by two adjacent hops in wireless ad hoc networks [63]. However, in
our approach, the adjacent hops are utilizing different frequencies for communication. Our
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proposed cooperation allows nodes inside a cell to cooperate and no longer compete, by em-
ploying a distributed MIMO concept. Also, note that the first interfering cells are in the same
symmetric distance for any given cell. Therefore, the Wishart matrices for these channels, on

average, are equivalent which makes Lemma 3 a reasonable approach for computation of the

capacity.
14
L2
N
I
2 1
2]
Sosf
2
‘©
8 0.6~ - 1
< Y - - - No interference (Eq. (7.34))
g 0.4 Strong interference (Eq. (7.35))
3 - Intermediate case (Eq. (7.33))
= 0.2 —— Resultant upper bound i
' —+— Monte—Carlo Simulation for Eq. (7.9)
0 1 1 1 1 1
0 0.5 1 15 2 25 3
P (Watt)
Figure 7.5 Ergodic node capacity as function of powap)(for M = 2, acn = 2m?, p =

3nodes/m?, 02 = 0.01, « = 2, and A = 4.

7.4 Conclusions

In this chapter, we have shown that the ergodic capacity of MIMO mobile ad hoc
network can be upper-bounded. This upper-bound does not decrease with the increase in the
number of nodes in the network. Another important aspect of these results is the use of the
new communication scheme (called opportunistic cooperation) that allows multiple nodes in

a cell to communicate concurrently with other nodes in the same cell. This approach inhibits
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the destructive effects of interference. As shown, the capacity of each node increases when the
transmit poweltP of every node increases up to a point where interference becomes dominant

and then no more increase in capacity is possible. Perhaps, the most significant result of this
chapter is the demonstration that with cooperation among nodes, the capacity of the ad hoc
networks increases by increasing the transmit power of the nodes for some practical values of

P.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

In this thesis, we have studied the performance of wireless ad hoc networks in the
context of mobility, capacity, and delay. We summarized the work related to our research and
by utilizing Information Theory concepts we proposed new designs and analyses for wireless
networks improving their overall behavior.

We first proposed a multi-copy forwarding scheme of packets, such that the delivery
delay is substantially reduced without changing the order of the capacity of the network. Using
the results of random occupancy, we provided a mathematical formula for computation of the
node throughput as a function of the network parameters. The delay analysis was corroborated
by simulation results showing the exponential delay reduction obtained. We also showed that
interference can be overcome if transmission is restricted among close neighbors, where an

analytical method for computation of the interference was presented.
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Then we presented a study on mobility-capacity-delay trade-off for wireless ad hoc
networks. By restricting the movements of the nodes inside a cell, we showed that mobility is
an entity that can be exchanged with capacity and delay. We employed two different schemes
for such analysis. In the first case, the area of the cells in the network is a function of the total
number of nodes. We found that a throughput gain®flog(n)) is obtained, compared to the
case of Gupta and Kumar [28], where a penalty in delay is the cost for such an improvement.
In the second case, we assumed the area of the cells to be independemiethowed that
a constant asymptotic throughput is obtained and that our results are a generalizations of the
results by Grossglauser and Tse [26]. In addition, we observed that by changing the physical
layer properties of the wireless network (e.g., using directional antennas) the throughput or
delay performance can be improved and the result obtained agrees with previous work which
employs network flow analysis.

Another important contribution of our work is to present a new communication tech-
nique for MANETS, called opportunistic cooperation. In this novel approach, we propose a
simultaneous many-to-many framework for node communication, where nodes collaborate
with each other in order to relay and deliver packets. Because multiple concurrent transmis-
sions are allowed, multi-copies of the same packet can be relayed which reduces the delivery
delay in ad hoc networks. We introduced a channel access scheme for neighbors discovery
and provided a protocol for distribution of codes and frequency such that reuse of code and
frequency is possible. We provided two examples of how opportunistic cooperation can be
implemented. The former case uses FDMA combined with CDMA in which nodes performs

multiuser detection with successive interference cancellation. We obtained the link's Shannon
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capacity, the per source-destination throughput and delay, and compared the increased perfor-
mance obtained with previous schemes. The later case employs FDMA with MIMO where
we assume that nodes are endowed with multiple antennas for communication. We computed
an upper bound for the ergodic capacity and showed that it is possible to have increase in

capacity for practical increasing values of transmit power.

8.2 Future Work

The simulation results presented in Chapter 3 suggests that by having a mobility
model in which nodes tend to be clustered, like in the random waypoint model, it helps to
reduce delivery delay in mobile ad hoc networks. Therefore, a interesting line of investigation
would consider other models for node mobility where nodes tend to move forming clusters
and try to analyze which model would provide the lower average delivery delay. Following
this direction, the use of controlled mobility can also result in further delay reduction if some
information regarding node location can be propagated in the network which helps to guide a
relay node in the path to the destination, for example. In addition, it would be very useful to
try to directly relate the analogous random loading balancing results [4], [38] with the delay
reduction observed for the multi-copy relaying. Furthermore, the search for the exact solution
for the delay behavior in the multi-copy forwarding strategy is very important. However, the
approximation presented in Chapter 3, i.e., Egs. (3.29)-(3.40), provided practical information
because simulation of MANETSs have shown that these approximations are close to simulation
results.

For the mobility-capacity-delay trade-off, one can try to modify Scheme 1 to be
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further improved and obtain a better gain in capacity. In this case, the communication regions
may be changed and the delay analysis must be recomputed. On the other hand, the idea of
multiple concurrent transmissions can be carried out for the case of directional antennas if a
node can be assumed to have multiple directional antennas positioned to distinct neighbors
simultaneously. Therefore, capacity may be further increased for this case.

In the context of opportunistic cooperation implemented with FDMA/CDMA, power
control can be considered since it can result in further interference reduction. The strategies
used to obtain the throughput lower-bound in Theorem 5 and in [51] assume that each node
transmits at constant power and its packets follow the minimum distance path to the destina-
tion. However, it was also shown by Negi and Rajeswaran [51] that, if transmission power
control is allowed, then a minimum power route to destination can be obtained (not necessar-
ily equal to the minimum distance path) which provides an upper-bound for the throughput.
Hence, it is interesting to allow power control in such analysis and investigate the associated
behavior of the throughput and bandwidth expansion considering CDMA and SIC.

For the FDMA/MIMO implementation, the lower-bound capacity is also of high
significance, because together with the upper-bound capacity obtained in Chapter 7, it will
provide the gap between these both bounds. This gap will establish an important performance
limit range for MIMO mobile ad hoc networks. Moreover, one can explore the inherent diver-
sity of MIMO systems and try to apply space-time codes with opportunistic cooperation and
study the associated performance. Another direction of analysis can assume that each node
also uses multiple antennas for transmission, instead of just one antenna. This approach tends

to add more complexity in the system; however, it may present better performance.
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Besides, other multiuser detection schemes can also be considered for opportunistic
cooperation. For example, the orthogonal frequency division multiplex (OFDM) technique is
a natural candidate for such implementation, and its analysis for capacity bounds is also of

interest.
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